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Summnary

fne purpose of this projects was to determine how hign intensity

blast waves (impulse noise) affect tne auditory system.

Audiometric, physiological and anatomical measurements were

obtained from chinchillas that were exposed to impulses of

155-16b J3 peak sound pressure level. Tne traumatic effects of

the expzures were quite variable; some animals were essentially

unaffe.:ted while otners showed large threshold shifts and

signifiaint hair cell losses. At frequencies wnere the exposure

caused a nearing loss there was also a loss of frequency

select- :.ty as Jete-mined by either evoked response or

psychopnysicai tuning curves (PTC). After exposure, the tips of

the psy-hophysical and evoked response tuning curves were

frequez.. y displazed to nigher or lower frequencies by as much as

an oct:7v.. The thr-s.iolds of single auditory nerve fibers with

charact :--stic fre:,ucnacies corresponding to the hearing loss were

also eLeated; the neur-al threshold shifts were often larger than

those predicted from the hearing Loss data. Units with elevated

thresn t 2 s had abaor:,.iily broad tuning curves (TC). Sometimes

the th.r esholds in the tail of the tuning curve were

hypersensitive aod Lower than the thresnold at the characteristic

frequenc.y; consequently, the tuning curves were "W" shaped. The

phenome.an of t.-Aii nypersensitivity may contribute to the

displacement of the tips of psychophysical and evoked response

tuning ,rves. T.e Loss of cochlear hair cells was, in general,

correhli.ed w-th -eural and behavioral threshold shifts; however,

sometime there were slight thresnold elevations in the absence

of any slgnificcnt hair cell loss. Damage to the cochlea as a

result of exposure to blast trauma has been thought to result

from direct mec'lanii- damage to the tissue as well as subtle

damage resultin; forn metabolic depletion. Direct mechanical

damage to the cochlea (e.g., tearing and ripping of the organ of

Corti from the 'l.csilar membrane) was shown to occur immediately

after impulse noise exposure. Even wnen animals were exposed to

the sane type o" bia 3t wave, there was considerabLe variability
in the degree ani pattern of hearin- loss, the ChaLI:-3 in tuning,
and the pattern of cochlear histopataologies.
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1.0 Introduction

Military personnel are frequent Ly exposed to brief acoustic

transients of nigh intensity (blast waves) which avce particuLar1ly
hazardous to hearing. It has proved exceedingiy difficult to
determine which impulse noise expo; ures are "safe" because the
amount of hearing loss re-sulting from a particular impulse noise
exposure is highly variable both within and across subjects (Luz
and dod:e, 1971; Blakcsiee, et al., 1978). Furthermore, impulse
noise b.-aves much differently than continuous noise in terms of
the growth of nearin-. loss with stimulus level (4alker, 1970;
MaRober- and Ward, 1973; Eames et al., 1973) and the recovery of
hearing, following exposure (Luz and Hodge, 1971; Henderson et
al., 1.';'). The probLems involved in developing a realistic

damage visk criteria for impulse noise are compounded by the fact
that re'atively little is known about how impulse noise affects

the au: %ory system.

Earlie- nvestigtz have suggested that impulse noise might

affect , anatomical structures of the cochlea in two different
ways depending on tie stimulus intensity. At low levels,
metabc_ .c chanczes siicn as atrophy of the vascular supply,
depletin of erh:i:1es, swelling of nerve endings, etc. would be
the prii.ny meci'i ior cochlear destruction. High intensity
impulse.i, on the rt: hand, would tend to produce immediate

structur, chaci-:3 : 3uch as tears in the reticular lamina and
rupture of tight cei junctions (Luz and Hodge, 1971). Although
the p!-;xsed 1-cr'anisms of cochlear damage resulting from impulse

noise exposure 1-.-e interesting, there have been few comprehensive
attemptsn a* un .?rstanding what effects the various cochlear
histopathologic-s have on hearing performance and on neural
activity in the cochlea. Furthermore, there is little direct

evidence on the mechanical effects that impulse noise has on the
cochlea, partic1.arLy immediately after exposure. Until the
underlying mechanisms of impalse noise induced hearing loss are
better underito.d In terms of anatomical, physiological and
audiometric changes, it may be difficult to develop a
satisfactory damage risk criteria for impulse noise exposure.

The purpose of this project was to develop a comprehensive

understanding of the effects that blast wave exposure has on the
auditory system. The approach was to assess the audiometric
effects of impulse noise exposure by obtaining pre- and
post-exposure Eneasures of threshold and frequency selectivity.
At the end of the audiometric testing , the animals were prepared
for single uni.t recordings from auditory nerve fibers. Estimates
of each unit's threshold, frequency selectivity, and spontaneous
activity were obtained from a large sample of auditory nerve
fibers. Since most fibers in the auditory nerve innervate a
single hair celi, the response of each fiber reflects the output
of a limited region of the basilar membrane. At the end of the
physiological experiments, the cochleas were fixed and analyzed

by light or scanning electron microscopy to determine the pattern
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of hair cell loss and the other types of strucLural abnormalities
in the cochlea. Tne goal of this project was to correlate the
audiometric and physiological chanes witn the histopathologies
in the cochlea. Additional anat.o!:.ca1 studios were carried out

ro determnine what typos of' histo.Logicat changes occur immatediateiy
after inpulse noise cxporc, .e , structural or metabolic

cnanges.

2.0 ii '. ods

2.1 Su.-,ec ts

Adult Ir. ncnillas were used as subjects. The chinchillas that

were use for behav.ior al and evoked response testing were

anesthe-. zed (sodLum pentobarbital 50 mg/kg I.P.) and made
monaur: i by surgical destruction of tne left cochlea. Those
animal.-, tnat were uied exclusively for anatomical studies were
binaur. l.

2.2 Beiavioral Te3tina

Behavio al testL rg was based upon a shock avoidance conditioning

paradigiu (B-akesic,.e t al., 1978; Saivi et al., 1978). The

animal!5 nead ;a-i pla< ed in a restraining yoke and was held in a

standin. o3sition in the sound field. The animal registered a

response by slii -upuard motion of the body which closes a

micro 3',; h. A -3dified tracking procedure was used to estimate

the pur'- t ne .'c:ih Lds and the tone-on-tone masked thres.holds.
A stinul"s tri: .L consisted of a train of eight tone bursts (20 ms

on, 5 1n3 rise-fall time, 2 bursts/sec). A response between

bursts one and four .was recorded as a Hit and was followed by a

safety light (7.5 ssrn). If the animals failed to respond by the

fifth burst the t1 Ial was scored as a Miss and pulsed shock (1-5
mA) was delivered to the animal's tail except near threshold.

Pure tone thresnoid testing began at a clearly audible level and

the intensity was reduced by 10 dB after a correct response or

increased in 10 d after a Miss. After the second reversal, tne

step size was decaeaed to 5 dB and 4 additional threshold

crossings were obtatned and used to estimate threshold. A total

of 48-72 thri:seold crossings were used to estimate threshold.

The procedures for obtaining psychophysical tuning curves have

been described prevLoisly (Salvi et al., 1982). A continuous
masking tone was usel to Mask the probe tone. The probe tone

(same as for, tnr,.i.nold tustln,;) was pre.iented at 15 dB sensation
level (SL) an. !ndro..i;d at rando:a intervals. The animals were

trained to ignor L Lhe c-ontinuous !,iaskcr and reopond only when the

probe tone was pre.;mter. A mo.lifLed tracking procedure was used

to estimate tue levoi of the csntinious Masker necessary to mask
the probe tone. Tinc ,0c1r 1,!e 1 was initially varied in 10 dB

steps and aft.-r tL :io - r./vrs.i th step size was reduced to

5 dB.

-11-
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2.3 Evoked raaponae, testnQ

Chronic electrodes were implanted in the vicinity of the iriferior
coLlicuLuos using procedure outlined previously (Henderson et
aL., 1973; Salvi et aL., 1982). Tne animals were tested us;-ng
the same restraining yoke and acoustic equipment -s that employQd
in the behavioral experiments. Tne acoustic signals for evoked
resp3n.;:e testing wiere identical to those used in the behavioral
exper.snts excepL iLt the probe tone was presented at a rate of

10/s.

The e~etricaL potentials were filtered (300-1500 Hz), amplified
(20,00: Lo 50,000 .i.es) and led to a signal averager with
artifa-c. reject capctility. The data were sampled at 25 kHz over
512 poi!n .s to obt:iin a 20.48 ms analysis window. Normally, 512
samples were collected; however, if a clear response was present
the av- -_;-ing pro. es was terminated earlier. No effort was made
to me:.;re th- acttai a.ipLitude o' the response since only the
transz. -n fro. . th presence to the absence of the evoked
responz :ias usx.; to make a judgement regarding the absolute or
masked thresholds.

Pure tcn-e tnres-iDza testing began at a level that produced a
clear e'; zed ,e:;cs; and then the level was reduced in 10 dB
steps ;nr.il th. rei-:.,rse was just above the background noise.
The st-.., size Z. nuin reduced to 5 dB and additional samples
were taken. Thr- :-y1, was tne point midway between the highest
intens ,here -7 re sponse was absent and the lowest intensity

where re.spons. present.

Evoked response :.a...'d thresholds were determined with the
intensity of the probe tone 15 dB above the evoked response
threshold (see SaLvi. et al., 1982 for details). A continuous
pure tone ma3ker" was then introduced and increased in level until
the evoked response produced by the probe was nearly obliterated.
Then the intensLty of the masker was varied in 5 dB steps and
additional sample3 were taken. Masked threshold was the
intensity mioway betw.een the lowest intensity where a response
was absent and the highest intensity where a response was
present. Masked threshold was determined using masker
frequencies above and below the probe frequency in order to
obtain a tuning curve.

2.4 Single unit recordin

Details of the experimental procedures can be found in earlier
reports (Salvi et al., 1978; Sa.vvi et al., 1979; Saivi et al.,
1932). The animals were anesthetized with Dial in urethane and
tracneotomized. A ball electrode was place on the round window
to monitor the compound action potential. Then the auditory
nerve was exposed by a posterior fossa approach. Glass
microelectrodes (3 A NaC1, 15-40 Mohis) were used to record the
activity of single fibers. Spontaneous acitivity was sampled
from each fiber for 10 to 15 seconds and then tuning curves were

-12-
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measured using a computer automated threshold tracking procedure
which uses a 1 spike difference between the tone and no-tone
interval as the criterion for thoeshold (Liberman, 1978; Salvi et
al., 1982).

2.5 Cochleo-rams

At the end of the pnysiological experiments, the animals were
killed oy decapitation. Their cochleas were fixed in cold, 2.5%
veronal 3cetate buffered glutaraidehyde (pH 7.3) and post-fixed
in 1% veronal acetate buffered OsO, If tne animal had: (1)
sufferej a sizeable threshold snift4or if significant changes in
tuning had occured, and (2) if a large sample of single unit
thresnri- A were obt-ained, then the cochlea was embedded in
Spurr'-- Low Viscosi*;y Resin to allow a more detailed analysis of
the co:,nlea. Otherwise the sensory epithelium was dissected out
of tne -(.)hlea and mcunted in glycerin. With both procedures, a
c och e --A m wai piot ed using hair cell counts averaged over 0.24
mm int aIs of t o, aogan of Corti. A hair cell was counted as
present. .f tie ceii-:ody cuticular plate complex was intact.

2.6 Sonninn] eLectr-n microscopy_

Tne aniz-i1z th.ilt were prepared for scanning electron microscopy
were e by dT:i:Ktation. The bullae were quickly removed and
the co, ,lea wi Ly exposed. Tne round window membrane was
punctured and tn' sipes was removed. Cold 5% glutaraldehyde in
veron,' tt "fer at pH 7.3 (630 mOs) was gently perfused
throug"- ;A coc. -a through the round window with a fine pipette.
The fixel coeh s were stored overnight in a refrigerator. On
the following day the cochleas were post-fixed with a
glutaradehyde/osr.Lt;- :iixture in a 5:2 ratio. The gluteraldchyde
was p,'epared as in the initial fixation and the osmium was a 2%
aqueous solutiun. Thc; cochileas were post-fixed for 15 minutes
then dehydrated wLtn cold 35% ETOH and dissected down to the
desired turn. ji.uring the dissection, the stria vascularis and
spiral ligament were removed to roughly the level of the spiral
prominence. Tn-., basilar memorane was Left attached to the bony
modiolus and the outer bony capsule. Reissner' s menbrane was
also removed. £he re-arning cochlea was then rapidly dehydrated
in a cold graded ETOH series (50, 70, 80, 95, 100%). The
cochleas were then critical poiat dried with liquid CO2 following
standard procelureci, except that no rapid pressure changes were
allowed. Depressurization was over in a 10-15 minute period.
The specimens were then placed in a Denton DV502 vacuum
evaporator, and gently brought under vacuum. Gold or
gold-paladidm was sputtered onto the specimens using the Denton
DSM-5A tiode ,cold) sputtering head. Specimens were brought to
ambient pressure using dry nitrogen and mounted on to a stub
using conductivie paint. Tne cocileas were then viewed using a
JEOL JSM-35 Scanning Electron Microscope. Sixteen chinchillas
followed this protocol at post-exposure survival times of 0 days
(i.e., immediately after exposure), 1 day, 5 days, 10 days and 30
days.
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2.7 B Last wave eAposur'es

The animals w_-r, e;. pocd to impulses generated by a compressed
air-drivein shock tube. The b)last wave is deLivered through a six
foot exponenti al norn and delivered into an anechoic enclosure.
rhe blast wavu has a Friedlander pressure-time profile. The top
panel in Figure 2. .1 shows a typical pressure-time profile of
the bl:ist wave. Tnc rur-rcveoberant wave has a A-duration of 1
to 1.5 .. ;. Tric botton panel of Figure 2.7.1 shows the amplitude

spectrum of tne impi -. Much of the energy of the impulse is
located at the low Croquencies, i.e., below 300 Hz. The animals

in the a'idiological :md priysiological experiments were exposed at.

grazin.- incidence. A total of 50 impulses were presented to each
ai;.nal :t tno race -if one per ainute. The impulses were

presened at eithe 5 dB or 160 dB. The animals that were used

in the - ectron fni 'ro.copy studies were exposed to 100 impulses
(160 dA) 7.t tihe rat" of two per minute at normal incidence.

3.0 :i 3 Lts

The ru -tl-,t section ii-s been divided into three sections that

reflect .ho ma->:, : va.iccs made during the project. The first
section _ ,als w:,- rnodological advances. The second section
is a 3uan-i'nge : microscopic (SEM) investigation that is

concer. J wit te girowth and development of cochlear
histopa.i),loieo resuiting from impulse noise exposure. The
third -eeion e: mines the anatomical effects that occur after
impul:.:: nise £>.~osure and attempts to relate these changes to
the audLcetric and pAyaiological measures obtained from the same
animal .

3.1 Methodolo'ca advances

Auditory evoked response tuning curves: Psychophysical tuning

curves (PTC) haie bten used extensively in human studies to
obtain estimase.3 of frequency selectivity in normal and hearing
impaired listei.ers (Thistovich, 1957; Small, 1959; Wightman et

al., 1977). Psycnopny3ical tuning curves can also be collected

from animals ( A c ee et al., 1976; Saivi et al., 1982);
unfortunately, -any months of training may be needed to obtain a
sample of four to six tuning curves. At the start of this
project, we had collected psychophysical tuning curves from

approximately eight cnincnillas, but over half of the animals
died from unknown causes before the anatomical and physiological
measurements could ba obtained. Consequently, a great deal of
time and effort was expended without accomplishing our objective.
At this point, we realized that we needed a more efficient method
of obtaining tuning curves from the chinchilla if we were to
achieve the objectives of the grant. A review of the literature

suggested that it might be possible to obtain estimates of
frequency selectivity using the evoked response of the chincnilla
(Henderson et al., 1973; Mitchell and Fowler, 1980; Klein and
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Alis, 1931).

The pro cdureo. for co ILecting cv, ed response tun lng curves are

outlL md in the raethd:c section and in a recent publication (Salvi

et al.., 1962). Briely, a probe tone at 15 dB above the evoked
response tnresnoLd is used to elicit a clear evoked potential.

Then a continuous pure tone masker is introduced and increased in

int..etisi y until it just aboli3hes the cvoked response elicited by

the pro , tone. Wnen the masking procedure is carried over a
Srange 01 frequencie:- surrounding tne probe frequency one obtains

an evo'ed response tun.ing curve. The masked thresholds are

lowest ',n tne vicini.ty of the probe and rapidly increase with
increa..-ng separatLc.; between probe and masker frequency.

A comepr:ehensive conp:Irison between the evoked response and

behavi -. L tuaing curves has been published and a reprint can be

found . Appendix 1 Saivi et al., 1982). Briefiy, the evoked

responr lr unLng cur :c nave nearly the same shape as those

obtain --.l.i all'y;- the only systematic difference between the

two set of data ,.as that the evoked potential tuning curves were
elevate4 5-15 above Lhe psychophysical tuning curves. When the

two types of tc' curves were normalized at their tips to

account Pop the difference in sensitivity then there was
virtualiy no di-ff.'-"e:,-, , between the tuning curves obtained with

the t,..: metaods, tn I.erms of effort expended, a set of six

tuning .u.ves rc;,ures about three to four weeks to obtain with

the evo' d ; , p , uthod while it takes approximately 6 months

using ehaviora- ou:rditioning methods.

In sunnary, it appea:'c; tnat the evoked potential tuning curves
may provide a reasonably accurate substitute for the rather

time-consu:irng psycnop-ys Leal tuning curves, particularly when
small differenc,.: in sensitivity are not considered important.
This is especiaoly true in studies of acoustic trauma where one

is primarily intere3t: in the changes in tuning rather tnan the

absolute e3timates of tuning.

3.2 Inner eat, putnoi-Oties following blast wave exposure

This section wiLl review- the anatomical results of blast wave

exposures in the chinchilla that were obtained using the scanning

electron micro3cope (SEM). Two fundamentally different lesion

patterns are discussed: (1) lesions that are produced by severe
"mechanical" damage to the organ of Corti and (2) lesions that

are more limited in uxtent and consist primarily of missing

sensory cells with the structural elements of the organ of Corti
remaining essentially intact. The progressive development of the

lesion is foliowed over a period of 30 days. Bjsed upon

descriptive anatomy, the case is made that the scvere

"mechanical" type lesions produce a somewhat different pattern of

sensory and supporting cell loisu that has consequences for the

mechanical traniduction pro:esses which take place in the

cochlea. (Section 3.3 will attempt to relate the psychophysica!.
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and pnysioloigcal results to the different le;l ion pat tc ns.
Some animals discussecd in Section 3 3, such a- c nincni1la 60 and
366, have cocaleas typical of the inechanical type Iesions wh 1c

other animals, such as chincnhllas 459 and 820, have coc, h1 a
typical of the limited "nn~caia"type-:3 of lesions). A
number of papers hAve b,.en published on the devclopiacnt of
cochL-ar lesions following acoustic trauma. Tnase papers have
made a distinction between noise-induced direct mechanical da:.aage
to tne cochlca and a pattern of damage that is primarily the
result § metabolic processes (3eagley, 1965a-b; StoCk aell et
al., 1,6); Voldrich, 1972; Voidrich and Ulenlova, 1980). rhere
are co -.aratively few micrographs in the literature that
convinc. Ligly do,,u:nent a true stress failure of the cochlear
partit . i and the subsequent effects of such a lesion on the
sensory elements.

3.2.1 kroutn: Blast waves, because of their very short
durati>n (on the Q:.dr of milliseconds), and high peak
intens--.tes, proic.- a mechanical impulse, JF dt, which results
in an -. emely high stress loading on the vibrating cochlear
partitioa. Thesie excessive stresses result in a failure of the

tight a.ll junctions and subsequent damage to the organ of Corti
as a rca.It of Th. intcrmixing of endolympn and perilymph. The
followi;: micro7§ ops illustrate the sequence of events that take
place cn the o-aa of Corti when segments of the organ are
destro- ,. by b!.lst -:a.'es.

The S:A., becaus. c of its suitability for viewing the surface
structure of .a- areas of tissue, was chosen to document the
progceifve dev opuient of the blast wave induced lesion. A
detailed protocol for all the histological procedures is
presented in the Aethod section.

3.2.2 Hesults from normal, control animals: Figure 3.2.1

illustrates several vi.ew3 of the sensory elements of the normal
organ of Corti. Plate A in Figure 3.2.1 is a low magnification
view of the cochlea, dissected down to approximately the first
turn. This is the area in which the majority of the blast wave
lesions were foi'.nd, and is the location in which the greatest
mechanical damage originated. The arrows in plate A in Figure
3.2.1 indicate tne spiralling area of the organ of Corti (note
the uniform appearance and texture of the tiss-ue; compare with
Figure 3.2.2). Plates B, C, and D in Figure 3.2.1 are
enlargements showing areas of sensory cells from the cochlea
shown in plate A. Note the regular arrangements of the inner
hair cells (IHC) and outer hair cells (OHC) in plate B, and the
"W" shaped and erect appearance of OHC stereocilia (plate C) and
tne linear shape and erect appearance of the IHC stereocilia
typical of the normal organ of Corti.

3.2.3 Mechanical damage of the or&n_a of Corti after blast wave
exposure_*

_mmediatel after blast wave exposure (Fi-ure 3.2.2 and 3.2.3):
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In plate A in Figure 3.2.2 the or-an of Corti (*) i3 tol'ri1 case
from i t.s attauiiments alonig the basitar Iatcbran inid forms a
"snake- like" inass of dugenerating cells whi ch flost 1'r eiy if-
tne e idolympnatic f.LuK! of the :s, l.a md La. ftie t issu, that is
torn lorJ:e consists of all the outer hair coils and their
:;npps.tk ng ceL'ular networlk. A fracture line whicn follows the
line of attaasrnint between the second and third row of outer hair
ce.LL.s e;ends into viable areas of tnc organ of Corti (plate B,
Figure ?.2). Visible in plate B -ind C of FigIure 3.2.2 in the
area ." L, les1ion ar , the outer p-iLar cO processes (P) and

the di:,: rbed cells of Alaudius (C), as wcll as a variety of
• swollen :;ensory cells (S) and otner supporting cellular elements

of the Lrgan of Corti, such as trie Dieters ceils (D). The inner
hair .Lils (1) app ir to be surprisingly intact in the most
sevure rea of the L. .. on (compare their appearance to those in
the cc nt'ol micrograp, of Figure 3.2.1, plate B and D). Figure
3.2.3, -. ate A, illujtrates a curious phenonenon that in the area
of the :aL-.in s i of the outer hair cells have been ripped
from t-!Lr cut~r>I .:' p!: te attachnucnts medial to a fracture line
that r.:-3 betwa,;. , , cond and third row of outer hair cells.
Tne cutc!ular pi it., i left in the supportinig matrix of the
reticu r iamlna. W 11u-- 3.2.3, plate B shows tnat the outer
hair c.,; cil1a i..- n region of the main leslon display a
variety - f pai. L including broken cilia (C), fused cilia
(C2), i, . ,lia (C). Basalward to the main lesion the
organ CoL't-, (Figure 3.2.3, B and C), there are
numerouj Jefec.L .,r the reticular lamina (R). Further basalward
(Figure 3.2.3, .r'P e D), the organ o' Corti is generally intact,
but tLY-, ollia ," .h: first row of outer hair cells are disrupted
and the:-° are ,, r s)i, cytoplasmic extrusions (E) along the inner
hair cel array. Fn_ second and third row of outer hair cells
appears reLativeLy no.'iaal.

One day after - .opus.rc (Figure 3.2.4 and 3.2.5): In Figure

3.2.4, plate A atic , reinnants of the "snake-like" dislodged coil
of the organ of Co.'ti (*) are still visible, loose in the
endolymphatic space. The individual cellular elements are much
less distinct. Tile degefneration of the outer hair cells in areas
adjoining the main lesion is more advanced (Figure 3.2.4, plate C
and e) and there are very few intact outer hair c!ls left over a
considerable extent of the organ of Corti. There are still
numerous holes (1i) into the perilymsphatic spaces (plate C and E).
However, many inner hair cells in area of the main lesion (plate
B) still look surprLsingly normal, while further basalward of the
main lesion where the overall cell loss is less severe (plate D),

the inner hair cell cilia (I) are greatly disturbed.

Sear formation in the area of the main lesion is becouning evident
(S) (Figure 3.2.5, plate A). The inner hair cell cilia are still
comparatively normal. The inset show3 inner hair cell cilia
basalward to the lesion where there was no actual hair cell loss
at one day after exposure. The inner hair cell cilia are
severely disturbed and fused. Some phagocytic types of cells (M)
are seen at this time on tie organ of Corti (Figure 3.2.5, plate

.. _
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3) , but they are co;%p trativety Lnfroqu_nt. In areas W :Pe tne
sn aKe" was fsrme d (1igure 3.2.5, plate C), large crev. ces

(arro.4s) into tue periiywaphat Jc sp aee3i have not yet been
completely seoaild off by srar tissue. Again, noto the relatively
normal inner hair cell cilia (1).

Five _ay3 after expo.sure (F --ure 3.2.6 and 3.2.7): In Figure
3.2.0, plate A, the free floating "snake-like' portion of the
or,-an c. Corti has es.enttally disappeared (*) and scar formation

(F'igure .. 2. 6, pi~a B) appears advanced. Eleoents of tne
reticulnv lamina a ad of the outer hair cells are still visible
(0). rei.nin,- inner and outer hair cell cilia (Figure
3.2.6, oiate 0) are severely disturbed in region6 removed from
the rra i lesion, an there is no consistent pattern or preference
for da.-ge in any particular row of outer hair cells. (Note:
regions f the Vecond row in plate A appear quite normal.) Inner
nair c. cilia (.) the region of the main lesion (Figure
3.2.6, te C ar d i)) do not appear fused or agglutinated as they
are in -e outer h _r cell cilia; however, there are numerous
eytopl-. ic extr-.sions present along the inner hair cell array
and thi cilia of mnny inner hair cells are bent (arrow), most
often -e.ward the neter hair cells. Giant cilia are not

frequen-.Iy seen. Irn tne animals sacrificed five days after
exposure, phAgoc, <>1c cell types (P) begin to appear more

frequer.7ly (Fiur_- 3. .6, plate E)

Figure 3. ? .7 iLi.ses a number of inner hair cell anomalies in
the r : tn of t.e a.;i.n lesion aside from cilia defects. In

Figure A.7, - . and B, an ejection of tne cuticular plate
of one inner hai ce (arrow) can be seen. In Figure 3.2.7
plate A, the cilia a:e severely damaged while in plate B, the
cilia are surpri~.;niy normal in appearance. Adjoining inner
hair cella and the-'r cilia often look completely normal even in
areas where inn':, hair cells are found to be completely missing
(A), as In Fig,,-r- 3 .2 1 plate C. The pattern of outer hair cell
defects ,:an a-r :pt y Cnange from primarily third row damage

(plate D) to oiy ,he third ro. being intact (see 03 in plate E).

Ten da.s after, cxroxir'e (Fiiure 3.2.8 and 3.2.9): The damaged

inner hair ceLl Lii- (I) in Figure 3.2.6, plate A, are in a more
advanced stage of de.seneration in many localized areas of the
main lesion. Figure .2.8, plates B and D, illustrate that scar
tissue (S) or.iginating from tne arei of the Claudius cells and
Hensen cells nai nearty completely sealed off the endolympnatic
space from the periLy:aphatic space, except for some small narrow
rifts (H)., In Figure 3.2.8, plate C and D, considerable debris
(D) and phagocytic (?) activity can still be found on the
reticular lamina.

Figure 3.2.9, plate A and B shows that while some areas of the
lesion have app-tared to stabilize, i.e., there is a nearly
complete layer of scir tissuu (3), other localized areas still
show large openings into the perilymiphatic space (Figure 3.2.9 C
and 0) in area. where elements of the organ of Corti are sti l
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degenerating. Note t.hr roat Lve Ly normal looki -r, i nner hair cell
cilia in Figure 3.2.9, pl ae C, in an area where the pillar hoad.s
are sev rely damagaed.

fnr .. days after x e:,osar,- (Fi i-e 3.2.10 and 3.2.11): Figure

3.2.10 il lustra.s t tppcarance of the surface of the organ of
C ort i one rnth after e xposure. The organ of Corti sti 'i appear.;
to be undergo ing denerative changes. While the lesion is
nearly ormplct ly stiulized by scar tissue, there are still soae
restri c -1 aas (3r-o:s and inset) where there may be some
comwun 1 -'ion betwclen endolymph- and perily ph-containing spaces.
The a-noirit of debri: (D) has been greatly reduced, but not
entirely, and the ci.1.ia are still extensively disrupted over wide

areas . the rcriainitr-_ organ of Corti.

In the area of the :uin lesion (Figure 3.2.11, plate A and B),
many .er hailr :!els appear grossly abnormal arid phagocytic
activi-.: (P) 1s s.LiiL evident. Basalward to the lesion (Figure
3.2. 1 i latei C an ) , inner and outer hair cell cilia are
extremxv damage, i:tn the usual range of anomalies, e.g., fusion
(Cl?, giant cili. (C1) and disrupted cilia (C3). At this late
pos -e.( osure perio'i, tne cilia disturbances may represent a
perman7..t, state for the damaged sensory epithelia or these cells
may con_- t:ue t.. !generate over a much longer period than one
would .... i et_ . upon data from threshold shift recovery
curves.

3.2.4 Na- " e' nim" sensory cell lesions after blast wave
exposu:.-: 3.2. 12, 3.2.13 and 3.2.14 illustrate the
appeara -e of e organ of Corti at post-exposure times of 0
hours, ene day and 30 days respectively for animals that
sustained a l. ower lcvel of sensory cell damage from the blast

wave exposures (Cochleograms such as those from chinchillas 543R,
349R and 607? in Section 3.3 would be typical of such a level of
trauma). Var.ability following impulse noise exposure is very
great, and the .idfferent classes of lesions described in this
section reflect this variation. All animals prepared for the SEI'M
received the same blast wave exposure. Immediately after
exposure (Figure 3.2.12), the most noticeable changes in the
sensory cell population are the disturbances of the cilia
(arrows), cytoplasmLc extrusions (E) along the inner hair cell
array, and occas'.on.il damaged sensory cells with communicating
holes in the reticular lamina (*). One day after exposure
(Figure 3.2. 13) , the outer hair cell (0) degeneration is well
advanced and while the appearance of the inner hair cells (I) is

somewhat variable, they do not appear extensively damaged.
£hirty days after survival (Figure 3.2.14), the outer hair cells

(0) appear to have c)pletely degenerated Ln some areas (Figure
3.2.14, plate B, arro4s), while in other areas, the OHiC loss is
partial (Figure 3.2.14, plate A) and the OHC appear to still bV:
degeneratLng. The areas of missing sensory cells are covered by
scar tissue (S). In some areas, the outer hair cell loss is
accompanied by severely damaged inner (1) hair cells (Figre
3.2.14, plate C) and in some cases, very restricted ]c.ions
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(arrus) with co i plete loss of all sensory and supporting cels.
Even at this late date, debris (D) is still evident or the organ

of Corti. (Tissue in soe lesioned areas is weakened and tnus
fractur d during preparation. A = artifact.)

3.2.5 ,esions of tne coiiductive ss te_: W 1hile the variability
seen in the effects of blast waves on hearing can not be
compl t .!ly explained, one definite contributing factor is a
change In the conductivcL piropertie3 of the middle and external

- ear. J tni3 SlA uly, all animals were examined immediately
- after -xposure. In approximately 45% of the upstream ears (i.e.,

tympani: me..ibrane perpendicular to the shock tube), a rip in the
tympan c membrane wi . found. The typical appearance of the tears
is ill .:rated in FL.u re 3.2. 15. Associated with the tears was

bleedirg between the epithelial layers of the tyinpanic membrane

and the formation of hemotomnas. Often animals without tears also

showed -e bleeding idicating excessive stress in the tympanic
membra

3.2.6 r c .lusic-:3 A variety of lesions were obtained from the

160 d3 blast wave e-posures, but in general, they could be broken
down o two typw.3: (a) severe mechanically-induced damage

associ-r" -J wtth ;.ne 'snaPe-like" ribbon of detached sensory and
support,±:I_, cclls. -nl (b) sensory cell lesions (predominantly
outer .. r ae-;) t.h = are not produced by any obvious mechanical
disrup". 2n of" L:,- revicular lamina.

A no> .- i i, -! cii ,Ical separation of the outer hair cells

from t,. Ir m-?, " a-achmcnts to the pillar cell heads serves to
pr otcst :cc -; , hi0 r cells in those same areas of the organ of
Corti I.-irs, nsm-rs of IHC with intact cilia survive to the 30
day pn;t-cxposz'e point, while basalward of the "snake-like"
lesIon, not oni; ar'o. the OliCs severely damaged, but IHC cilia

show 3,_,v'r ' I _ iLt i . s within the first day after exposure.
ChangeJ n tae !ieccr..nicaL coupling of traveling wave mechanisms
in the 13nuc-? ',eas :f the organ of Corti are hypothesized to
;cc:ou:t for tn liii-t,.ed protection afforded the IHC. This
patter , of' inner hair e-el degeneration is much different from
that seen foiic', tig con-tnuous noise or low-level impulse noise
exposu:e . wh re lar-e ierments of the OHC are seldom ripped away
from thm rest of the organ of Corti.. The degenerative changes on
the organ of Co'5 fo Lowing impulse noise exposure have not
stoppe'i after 30 d.ays, while the indications from audiometry are
that hearing t;.re:inold3 have stabilized by 30 days after
exposure.

3.3 P scnohyllal 2 pihy:iooical and anatomical correlates

As stated earlier, one of' the goals of this project was to

determine the audioloical, physiological and anatomical changes
that occur a.; a result of biast wave exposures. Since the

traumatizing effects of these exposures vary considerably from
one animal to the; next, it is not particularly useful to
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"avera-e" the ast oss groups of aninials. Thu., thi s
segment of the rea:)rz. will focus on the ana:tomIcal, physLol ogic;l
and audiometeric chnos that occur, within individual animials and
an effort will be ma.14,c to study The interrelatLo .ships betwea.on
the tir;e sets of measures.

At the outset of the project, a considerable amount of time was
spent ollecting .eu:wvioral auDio grams and tuning cuL'ves from
approx:.ra-teiy cight chinchilias Unfortunately, before the
physi , icai exp.! ienLs could ne carried out most of the
animais died at about. the same time; autopsies on several animals
failed --o rev-eal the cause of death. This was a serious setback
for tl>: 1grant becaa. a substantLal amount. of time was invested

in obt. .ng the b-tvloral data. Rather than collect additional
data u i ng the t -i.me *nsuming behavioral techniques, we chose to
use th- more eff.lolL euc evoked potential method for obtaining
-stia - :2 of thrc.-:s and tuning curves from a second group of
animal tsee Se.:tior. 3.1 above). Thus, most of the data
presen. - elow; r-_ 3 oma animals tested with the evoked
respos: ,.- techniq .Ae; however, some data were available from a few
behaviorally tra'ueaia animals.

A total )f 19 a..L ! . were exposed to either 155 diB or 160 dil
peak SPL )iast,:v-s. The varialbe nature of the lesions allowed
the d.a to to .' -zed around four basic lesions types
regardl s of e uroouro conditions. The four lesions and animals
in each cte;ory 3!e; :

(A) ,. e i -rwneear to basal lesions. Animals 603, 59, 60,
366, 75-, 51U, 39, 352.

(B) Large but :-ca..,,-red losses across the whole cochlea. Animal
820.

(C) Narrow focal lesions. Ani.-,als 543, 607, 925.

(D) Little or no coeL loss. AnLmals 117, 940, 860.

In addition to these anlmals, limited data are presented on four

additional antma s t?.at did not compLete the experimental
protocol because they died prematurely for various reasons.
These animals are 113, 547, 552, and 557. Of the nineteen
animals exposed to bla.st waves only 11 animals completed the
entire protocol which included auiiomnetric testing, single unit
recordings from auditory nerve fibers and cochlear anatomy. The
data from each animal are briefly discussed below.

3.3.1 Chinchilla 59:

ychophYsical results: CninchiniIa 59 wa:; exposed to 50 i:npulseo
having a peaK SPi, of 160 dM and an A-dux ition of 1 ma. Fhe pre-
and post-expo.uruc auolt gram obtii . ,e, wi th ton,, bursts of 20 no
duration are shwn in Figure 3.3.0. ThL..;,iic1 dev,;lopecl a 3) to
40 dB hearing los4s at tho probe tone frtquuo ic; uokd to collcct

-21-



the psy211p *o i,-'-il tu '-n:1 cirvc-. Th p.l'n!c>ysi ::!l,,4 tutil r
!urv's obt a - t . a,. 1. 5 kiz (i'iu -. e :3.3. 1-3.3. ) .V

b o:! e ic c I ,- r . y u. o d iu a re- i - t of ti .e -i)s. u ; i
tini .L cur '-) y ttu>n t Lp r o d to :' dt.c r
IOS - '3 t, i th. tip o.f" th . u.! v,- th: i :, t 1!
.n . i: , Tt . :l! 1' '.' j have bro,_- tr'i" o rr :i 01 'rrcO':I . i p

3o , : f Lr.One not rt,hy point, is tnc Poc-ti c ish i
,, c.nto, n y of the probe relatve to a ias ,:r of

(I 1; C Y eq31nc , re and probe in ensities are ricv-.,-y cv .'aL
0 ' - 3 1 tJZ" O' , D 3 1 ' C O. I3i !2.UCh hi:;her )r" - IS i:. .V.

re1ur ,o 1s.: i obe. It is not clear why this occurs, but
pec. h1 It i3 reLat i to the abnornrally broad excitation pttt.r,
along r, 111 cochlear iI't ition or to "off-frequency" 1iste nS cies
suc ' ),eats a ,iii(Tntion tone3 (We'Der et al , 1980)

The tr a abnor' .:i~i s for chinchilla 59 were most pronounced,
at 2 < J (Figut'e 3. 3 where the post-exposure tuning curve is

"W" S L due t. distinct threshold minima; the first at the
probe " un c o i and a second and lower minima I ocated at
I kiz. z Ce irnt,. pr 'cation of these results is that the 2 kilz
probe tore is be n t detected by neurons innervating the 1 kilz
region ef the cochlea rather than those at the 2 kHz region.
This cu .. eccu bcne';De the thresholds at the low frequencies
are le-.? a ;.: near 2 kdz; thus the spectral spread of
energy fr tr.-? would be more likely to activate units
having :,haraot,-:-'i frequencies (CFs) near 1 kdz. An
alterna irve expL .o-ItL.n i.s that neurons with CUs near 2 kliz have
I"d" s' tIn--,; curves, but are actually more sensitive to
tones - a 1 '. a at CF (Liberman and Kiang, 1978; Salvi et

*. al., :) !. .ateLy, this issue could not be explored
ph-si o 1-) iF-.eai. ly !,cause the animal died before further testing

* ' could be completw-.

The psvchophysr3ILC7il tuning curves obtained at 4, 8, arid 1 1.2 kHz
(Figure 3.3.4-3.3.6) also showed a greater loss in sensiti-vity in

the tip of the tuning curve than in the tail following exposure.
While the tips of the tuning curves are generally broader, the
curves a- 4 an-! 11.2 kiz still have a remnant of a short, narrow
tip near CF.

Cochleo,-.an: F'ig're 3.3.8 shows the pattern of hair cell loss in
chinchilla 59. There is a substantiaL loss of OJC between the
0.7 and 2.8 k~iz regions of the cocnLea plus a small secondary

loss of OfiC near the 4.0 kilz region. The changes in sensitivity
and tuning below 4.0 correlated reasonably well with the pattern
of hair cell loss; however, there is a discrepancy at 4.0 kilz and
a bo ven. At thr high frqu3cies, there is a loss of tuning and
sensitiv. ty yet little or no hair cell. It is difficult to
account for this discrepan2y; it. could be due to measure:ent
error (e.g., a change in the animal's criterion) or it might be
due to subtle hLstopathologiLes in the basal region of the cochtea
that are not detected in the simple cochleogrnmn. SLnce the
cochlea was embedded in plastic, the latter hypotho.i:i c-n be
investigated in more detail by ;cctioning th , cochil a .InJ
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3.3.2 Chi ncihi.i.k :

P 'Z_- :ysi.. ... n . ;.;i " C L iii_ 60 *has ilsc expos-ed at the
riic la p.r "Lnit. to 50 li.pu.1 havin:s a peak SPL of 160 dB.
* i<u 3.3.d sho3,ws us pre - a n p ost-exposure behavioral
ti 3 b obt- tiL 1 C ;1 n 20 )s tone bursts. There is little loss
n. ......... .. ... '....... , t ic-c i - a 30 to 50 d 3

e cI tC:a of the t - i oIds h :tw n 1.0 and 11.2 k1Hz. The
post: ,re ps,-- i sici tuning curve obtained at 0.5 k-Hz

3(i m , 3. 9 ) i p' . 2proxi ateI y a 10 iB up,,iard shift, but the
shape the to" ',- 1. rve is nearly the sam e as before the
e\ps' o , L.e., ;. . s little change in tuning. The
post-e-'t osure t , u,.,es obtained at 1 kHz (Figure 3.3.10), 4
kHz ( 'e 3. . 12 , k-lz (Figure 3.3.13) and 11.2 kHz (Figure
3 3. 1, sh tic loss of sensitivity in the tip region
so th ;e ' , extreaely broad following exposure. The
most p .und in tuning, however, took place at 2 kHz
(Figurc 3.3.11). 2 klHz tuning curve was extremely broad and
fai L ed o how -- a t pass cutoff over the rangc of frequencies

e tente l. i--, t; on t he tuning curve was at 5 k-Hz, over
an octa" -rbe; one interpretation of these resuIts is
that the k '.one is activating neurons associated with
the 5 ne ' -he cochlea. This interpretation is
consiste t ; .wit act that the 14-5 k-Hz region is the most

-. sensi 'U: rc'a audiogram. It is also interesting to note
that iofa ses o the tuning curves obtained at 2, 8 and

" 11.2 ks: ;ntcn" closely sugesting that the three probe
stinul i: ay be x -v:, siuiar regions of the cochlea.

SinTl i I d,, a • is difficult to make a direct comparison
between tuie nc-.: , ! and behavioral data due to the potential
effects of anest2,: ard surgery (Hawkins et al., 1978) and also
because of acoui j c differences (especially from 2-6 kHz)
introd,.,ced by tie outer ear transfer function (von Bismark,
1967). everth.iess there are interesting relationships between
the two .sets of dati. Unit 54 (Figure 3. 3.15) is typical of
uni.ts with CLs near 5.6 ;.ilz; the tuning curve is nearly as sharp
as that observed be. haviorilly at 0.5 k-Hz although the two curves
are not idenbtcaL. Te tuning curves become more distorted at
higher frequenciesLe. Eie lowest point on the tuning curve of unit
4 (Figure 3.3. 6) 1s nao 0.17 kiiz; howeve r, the CF as estimated

to be at 0.8 kHz near the notch which is present near the high
frequency cutoff of the tuning ,ar ve. Relative to the

psyonophysi cl t uning curve, the nte ral tuni ng curve has a Much
lower threshol1,! in te I ow freq ric tail; thu.;, the neural and
psychophysical curves have somew!itt different shapes. No units
were encount-!r ul in thre 1.5-2.5 k-Az region; this would appear to
be consistent witii ti : lac' of a tip ind high frequency cutoff
for the 2.0 kIz pLy("Ihop. i L 'L t. un L C rv .Iew heigh-u units
were encount.,red ard imo.t ol' th ha? d CiL: around 4 and 5 kHz.
Unit 29 (Figure 3.3. 19) nms .i very hl ga tire.hold and is so
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* broadly tuned that it is dlificult to a-;sign a CF. A reasonable
estimate of the CF of unit 25 is 2.8 kHz, since this is near the
high frequency cutoff of the tuning curve; however, it J.5
possihLe that the original CC of the unit may actually be .a-ch

hi gher because of damage to the cochlea (Robertson et al., 1980).
Unit 24 had a tip of about 15 dB in depth near 4 kHz and a very
higfh tht-eshold. The neural tuning curves in the 3-5 kilz region

, bear so:ae resemnblance to the psychophysical tuning curves at 4
and 8 6 iz. The tuning curve of unit 43 (Figure 3.3.19) was one
of ihe .st distorted; in fact, it was not possible to estimate

the CF .probably near 16 kHz) since the high frequency slope
could n:, be mi easured in the 14-20 kHz region due to the limited
output of our acoust.in system.

Anatom;::aI data: Fig.ur e 3.20 shows the degree of inner (IHC) and
outer :ir cell (OHI-.) loss as a function of location in the
cochle:- -nd as a function of frequency (Eldredge, 1977). There
is net. y- a coplete loss of OHC from the base to the 0.9 kHz
region " the a and a 20-40( loss extending up to the apex.
There _s also a ub tantial loss of IHC from 1.5-3.5 kHz and from
5.5-10 k:z. The iar'.k of IHC and OHC is correlated with the
absence' of nerve fiberS with CFs between 1.5-3.5 kHz and between
6-10 k,:. There ame a few units near 5 kHz which presumably
innervac,-- the re 'ning IHC from this cochlear region; however,
almost. no un:t. Id entifiable CFs were found at higher
frequev;Les eve:n Lhough IHCs were present. It is interesting
that the lowest soint on the psychophysical tuning curves
obtain.-- nt 2, ; and 11.2 kHz is near 5 kHz, i.e., a narrow
region -,iere UU ani active nerve fibers were found. The
smallest Loss (',-30r) of hairs cell was found below 1 kHz; not

surprisi.g-iy, t:;e unit thresholds and tuning curves were
relatively nor.aL in this region. Except for the region above 10
kHz, tnere is roasonabLy good correspondance between the
anatomical, phys L :,,ogical and psychophysical data.

3. 3.3 Chinchilla 117:

Psych.ophyical _data: Chinchilla 117 was exposed to 50 impulses

having a peak 31. of 160 dd. In contrast to the preceeding
animals, there was essentially no changc in the psychophysical

thresholds as a resuLt of the exposure (Figure 3.3.21).
Furthermore, most of the psychophysical tuning curves (Figures
3.3.22-3.3.27) show rather minor changes in shape as a result of
the exposure. The only exception occurs at 8 kHz where the
tuning curve is shifted upward and the tip of the tuning curve is
truncated.

_in~e unit data: Representative single unit tuning curves that
span most of the audiograin are shown in Figures 3.3.28-3.3.32.
The minimum thresholds of the units are relatively low and the
tuning curves are for the most part narrowly tuned. The

threshold of unit 68 (CF near 0.5 kHz), however, is elevated

somewhat and the tuning curve is slightly broader than normal.
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It was our i::pr-z3sLrin th:tt so!ie of the ioo frequency units with
CF.3 in the G.4-1.5 kziz runkle rhowed 3o:newhat abnormal tuning and
sensitivity, but tnis was not an overwhelming effect. In
general, the ? :it wa.'e exposure s3e::i ed to have little effect on

the single fib.r activity in clinchilla 117.

AnatomilcaL data:. Figu r 3.3. 33 contains the cochleogram of
chinch..la 117. This animal sustained little or no hair cell
Loss a. a result of the exposure. The lack of any significant

his topn:.oloiz is consistent with the behavioral and

physiological data hich indicated that the auditory system was
nearly -ormal after exposure

3. 3.4 ninchilla 1i :

Psy2chi-..sical data: Chinchilla 118 was exposed to 50 impulses

havin.% a peak SPL of 160 d3. This animal died of unknown causes

before ;he poz -exp.sure protocol could be completed,
consequ: niy on-y limited data are available. The audiogram in
Figure 3.3.34 shc.ws a low threshold region at 4.0 kHz where the

loss i-- sensitivity 1. only 10 dB; the thresholds at higher (8.0

kiiz) a_.< low--, - .0, 2.0 kHz) frequencies were elevated roughly
20 to 3 6. T! P previous results from chinchilla 59 suggest
that Lo i thr -'Jd island might result in tuning curves with
displat A tips.

The 1. -z ts.K y U I've (Figure 3.3.35) shows a greater loss in

sensiti".i .y in t , ip of the tuning curve than in the tail; the
tip of 'he cs : _ ' become extremely broad and the most
effectiv- ma:-1 n_ fr,. q u ncy has shifted downward from 1.0 kHz.

Presumably the rc; s.e to the probe tone is now being mediated

primarily from the n.4 k iz region of the cochlea rather than from
the 1.0 kHz re :,on. lore severe changes in tuning occured at 2.0

kHz (Figure 3.3.36); the tip of the curve has shifted downward to
1.0 kilz and the tip is extremely broad and irregular. It is

somewhat surprising that the tip of the tuning curve was not

displaced toward highecr frequencies since the sensitivity and
tuning in the 4.0 kdiz region is reasonably good as shown in
Figure 3.3.37. i'hc± turing curve at 8.0 kilz (Figure 3.3.38) is

simply shifted upward in the tip region with almost no change in

sensitivity in the low frequency tail. Unfortunately no single
unit or anatouiical data are available since the animal died

before the data could be collected.

3.35 Chinchilla 366:

Evoked potential data:

The evoked response audiograms of chinchilla 366 are shown in

Figure 3.3.39. There was a 15 dB loss near 0.5 kHz which
increased to 40-50 d3 at 1.0 and 2.0 kIlz. At the highest

frequencies (8.0 and 11.2 kHz), the thresholds wore nearly

normal. The low frequency tail of the 0.5 kliz tuning cuove
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3 igure 3.3 4 i) sho.,; ---d itt1e change in sensitivity; ho4evcr , the
tip re.gton ; c: leveted approx> LfateIy 15 dB and thresholds along
the hii-freqiency Le: w:ere clevated by att much as 40-60 dB.
Conoequently, th e n]a -Idth o C the tuning curva was not
substantial Ly aitcei even t ho ughL there was a loss in
sensitivity. Th e 11 ar; thr c. -lo i d elevations along the
Shigh-fre.-uency slop n-:e probably related to thte mid-frequency
hearin: ioss, i.e., after th: exposure, few mid-frequency units
(1.0-2. , khz) contriblte to tile response elicited by the probe
ari td - ;"ore the hig,-frequency leg of tile tuning curve is

shifteuK towari lowvi." frequencies. In tile region of maximum
hea ring oss, there were significant alterations in tuning. Both
L'the 1.) and 2.0 kdiz tuniLng curves (Figure 3.3. 41-3.3.42) were
extrem--ly broad and there was only a small remnant of a tip at
the prJ. be frequency. The 4.0 kliz tuning curve (Figure 3.3.43)
showed loss in svns'tivity of 15-20 dB near the tip and little
or no n*e at ot>,e frequencies. Relatively insignificant
change3 In .. eseen at the 8.0 and 11.2 k.dz tuning curves
(Figur e 3 3 .14-3 4L"

Single unit d.t: Thle single unit thresholds, for the most part,

foilo- : 1 tne -ts. of the evoked response audiogram. Units
with C"*-' iear 0.: kdz had slightly elevated thresholds and showed
little o:- no c .:-e -in tuning (Figure 3.3. 46.). The tuning

curve6 l.ar 1. <ciz ?s1 extremely broad but discernable tips and
high th:-i-tholds ".Figure 3.3.47). Units with CFs near 4.0 kHz had

threi3hc o f 1n ' t 4 (Figure 3.3. 48), for example, is

approxi etcly , dB at 1.2 kHz; however, the threshold at the CF
(approximately :,.0 kiiz) is roughly 12 d3 higner. It is important

% to note that th-: threshold near 1.0 kHz for unit 4 is roughly
10-15 lower than that of unit 45 (Figure 3.3.117) whose CF is near
1 kHz. Furthe-3rmorc, the thresholds in tie tail (near 1 kHz) of
this 3 kiz unit are coaprarable to the evoked response thresholds
near 1 kHz. Thus, in pathological ears, high CF units may make a
significant contribution to the neural and/or behavioral
responses obtained with low frequency signals. Among the high-CF
units, the tip of the tuning curve was segregated from the tail
region by a significant high threshold notch as illustrated in
units 121 (Figure 3.3.50) and 126 (Figure 3.3.51). This notch

was absent in the evo.ced response tuning curves; however, the
discrepancy may not be as serious as it seems since the evoked
potential tun-ng curve's would also show a notch in the 2-5 kiz
region if correection was made for the outer ear transfer function
(von Bismark, 1967). Also note that the thresholds in the tail
of the tuning curve are as low as 60-70 dB near 1-2 kHz; again,
this illustraF.es that the high-CF units could contribute to the
responses obtained with low frequency signals.

Anatomical data: The cochieogram of chinchilLa 366 (Figure

3.3.52) showed a significant loss of OifC and a mild loss of 111C
from about the 0.9 to 6.0 kliz region of the cochlea; only a few
hair cells were missing in other regions. The region of outer
hair cell loss is in reasonably good agreement with tne pattern
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of threshold shift seen in Figure 3.3.39. Furihermuore, the

changes in tuning are ,r.ost severe in the region of out r heir
cell loss. It interesting that there is little or no hair cell
loss above the G kHz ;'gi on of the cochlea; however, the single

unit tuning curves froni tn-s egion nave a high threshold notch
between the tip and tail region and the thresholds in the tail of
the tuning curve aetuz]ly appear to be more scnsitive than normal

(i.e., hypersensitive). In the middle of the cochlea there is

complt e- loss of O" iexten(,ing over about two octaves with little
1ai 3loss of -iiC. Unitz presuiiably innervating the region devoid of'

OHCs ; -,wed signific-tnt threshold shifts; in addition, their
tuning -urvei were frequently "W" shaped (e.g., Figure 3.3.48)
witn the threshold5 in the tail being lower than in the tip.

3.36 C-.inchilia 45,:

Evoked 2ozential datA: Chinchilla 459 was exposed to 50 impulses

havin, a peal SP cf 160 dB at the rate of 1 per minute. As a

result c7, the exosure, the animal sustained a threshold shift of
40-50 dB at 8 ani i 1.2 kilz and little or tio loss at lower

frequencies (Figure .3.53). There were only slight changes in

tuning 0.5 a t ! 1 .0 kHz (Figure 3.3.54-3.3.55) after exposure;
however, the 2 I1 - t-,uning curve (Figure 3.3.56) snowed some
peculi. changes. masked thresholds at 2 kliz (Figure 3.3.56)

were e.xated so-iewnaL on either side of the tip, but not at the
tip itself; con: ;,cnt.y the tip region was actually narrower

after -ixpsure. ]t is not clear whether these unusual changes in

tuning, ,erze rea' or ducu to measurement error. The small loss in
sensit,,;tyat ", kzt was correlated with a slight elevation in

the tip of the 4 ,iz tuning curve (Figure 3.3.57). At 8 kHz

where the loss wao hore substantial, the tip of the tuning curve
was shifted downward to 6 kllz and the tip of the curve was wider
than norioal (Fi; rc 3.3.58). There was also a substantial loss

in sensitivity ar. 11.2 kHz and the m-asked thresholds were
extremely high neur' 11 kUz. Due to a technical error, the

remainder of the tuning curve was not measured; however, it seems

likely that the tip of the 11.2 kliz would have been displaced

toward lower frequenc4 es similar to what occured at 8 kiiz.

Single unit data: The auditory nerve fibers from units with CFs

below 4.0 kz had relatifely low thresholds and their tuning
curves were narrowly tuned as illustrated in Figure

3.3.60-3.3.63. However, just above 4.0 kHz there was a drastic
change in tuning. Unit 14 (Figure 3.3.64), for example, has a CF
near 5.0 kHz. and a very sharp tip; however, the thresholds at CF
are as much as 20 dB above those in the tail of the tuning- curve.

As a result, the tuning curve has a "W" shape with a minimum
threshold near 1.8 kiiz. The tuning curve of unit 133 (Figure

3.3.65) has a broad "U" shape making it difficult to assign a CF

to the unit; since the high frequency cutoff of the tuning curve
i3 near 9.0 kiH7 it is reasonabie to assune that the CF of the

unit was rougly 7-8 kHz. The tuning curvc of unit 60 (Figuire

3.3.66) has two sugnents, one with a thr.eho I d mLnima
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near 1.5 kiln. However , It is; un ikeLy that this i3 a .ow Ci' un
since other units in this r e. on were quite s,Isi I, Lv.
Furtherqoce, the unit re_.pondud to a narrow ranl,7 of freq.ICacies
near 12.0 kriz. Unit o0 pesumaUiIy is a high frequ l u y unit, blit
one cannot accurately assign a CF since the tun. I n curv,- is
poorly dlfinied over the range of intensities used to test the
unit.

Antom~alc data:
The c-.2,iLea of chinClhilla 4-5 9 (Figure 3.3.67) shows little or no

hair c. _ loss up to about the 4. 0 kHz region of the cochlea.
How ev ', in the reion between 4.0 and 16.0 kHz there is a
subsra al loss of' (OHi and a small loss of IHC. The location of
th, l correlates extremely well with frequencies that show a
los oc sensitivity in the evoked response audiogram. The
audits -i,erve fibers iiat innervate the region of hair cell loss
show nificant ;-. in sensitivity and abnormal tuning. One
intere.: _' finding tc that units with CFs corresponding to the
low-fr iency .eIe 01c. the lesion have "W" shaped tuning curves
similar zo that s2.own in Figure 3.3.614, i.e., the thresholds near
the C- ire nuch hi i- than those in the tail and there is a
distinc- hOtCh n,:ote the tip and tail segements of the tuning
curve. t her u. ..t with CFs within the lesion had "U" shaped
tuning.- ... Z ,e s

3.3.7 2n i l

Evoked :sonse ;a:: Chinchilla 510 was exposed at the rate of
1 per ni:-zite to L. iapulses having a peak SPL of 160 dB. After
the exposure the ani.-l developed a hearing loss of approximately
410 d at 2 ki[l and a relatively small loss at other frequencies
(Figure 3.3.68). At 0.5, 1.0, 4.0, 8.0, and 11.2 kHz (Figures
3.3.69, 3.3.70, 3.3.7k, 3.3.73, and 3.3.74) where the thresholds
were nearly norm-,al the evoked response tuning curves showed
little or no chan.e in frequency selectivity. On the other hand,
at 2 kiiz where the threshold is elevated, the post-exposure
tuning curve is ext0re:nely broad so that the tip is nearly flat
for more than two octaves (Figure 3.3.71). In addition, the high
pass cutoff of the tuning curve is shifted toward higher
frequencies; this suggeS-s.3 that regions of the cochlea basalward
to the 2 kilz region of the cochlea may be contributing to the
response. This animal died after the post-exposure evoked
potential tuning curves were collected; consequently, single unit
data are not available.

Anatomical dat r: Figu re 3.3.75 contains the cochleogram of
chinchilla 510. There is an extensive loss of OHC between the
1.0 and 4. 0 kHz regions of the cochlea. The location of the
lesion correlates with a significant loss of tuning and loss of
sen3itivity at 2 kidz. Other frequencies showed losses in

sensitivity of approximaitely 5-10 dB; however, there was !ittle
or no hair cell loss related to the change in sensitivity.
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3..3. Chinhi la 543:

Svoked potential data: Ch inc,,illa 543 was exposed to 50 i mpulse:;
having - peak SPL of 160 dB. After exposure, the thresholds were
elevdited 20 t.o 40 d'" at 3 and 11.2 kHz; the low frequency
thre sho LIis, o1 i the other hand, were nearly normal (Figure
3.3.76., The tuning eurves at 0.5, 1.0, 4.0 and 8.0 showed
lit I, "oge as a r'c';ult of the exposure (Figures 3.3.77,
3.3.7 , 3.3, 8 0, 3.3.k:). The 2.0 kLlz tuning curve (Figure
3.3.79) .;as shifted up;ards and showed some anomalies in th3 Lip
region : ic h is surpris, Lng given the small threshold shift at

this f i:iency. Th-e most significant chianges in tuning occured
at 11. z (Figure .82) where the hearing loss was greatest.
The ti_ of the 1I.;' vlz tuning curve was lost and the lowest
point hr curve waiu shifted downward to 7 kHz. Thus, the high

frequ : hearing I L .i wa;, again correlated with a significant
loss n -?C,

Sinaie uit data: L5ost of the units with CFs below '4.0 kHz had
relatV'--!Iy low totr 3;sn'ds and showed reasonably good tuning;

... these r uuits a , eeping with the lack of threshold shift
• observe--' In the .'eked response at these frequencies (Figures

'-.uning curves became progressively abnormal
as the '7 iner. . abcove 4.0 kHz. Although unit 83 (Figure
3.3.86) has a :-e ' - y normal tip near 4.0 kliz, there is a high
thres'I- _'_n - t tail of tuning curve. Unit 115 (Figure
3 .3 87 ;.3 3 C e;-,  8 ktiz and the tuning curve is much broader
than t.:,: e 3!:- .tI 'er frequencies. The tuning curve of unit
128 . ')) nas two tips, one at 10.0 kHz, near the nigh
pass cutof'f, az-.a ; .c- nd more sensitive tip near 3 kHz which is
separate.: fro th e CF by a high threshold notch. Thus, the
single unit t, : :g [ rves show the same variation across
frequency as the evoked response tuning curves.

Anatomical data: The cochleogram of chinchilla 543 is shown in
Figure 3.3.89. I2nle:e i3 only a small scattered los of hair
cells below the 7.0 kiz region of the cochlea. Hooever, from
about the 7.0 to 17.0 kti.. region of the cochlea there isi a
significant lo3,; of 0. C. The location of this lesion in the high
frequency re.,xio of the cochlea i3 well correlated with the
pattern of threshnod shift observed with the evoked response and
single fiber3. t n ,in regions where the evoked response
and single unit thresholds were elevated there was a significant
loss of tuning in the evoked response and single unit data.

3.3.9 Chinchilla 547:

Evoked potential data: ChinchiLLI~ 5147 was exposed to 50 impuless
having a peak 5iL o' 160 dB. The evoked response audiograms

(Figure 3.3.90) indicat! thiat there wao a mild hearin,-, [oss at 8
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and 1 1. 2 kiiz, bit lit;tLe or no loss in ;ensitivtty at other
frequencies. The post-eposure tuning curves obtained at, 0.5,
1.0 and 4.0 kdIz snowed little or no change in tuning (Figures
3.3. 91, 3. 3.92 , and 3.3.94. T e 2.0 kHz post-exp sure tuning

curve , on the other hand, was shifted upward and is slightly
different from the pre-exposure curve. The most significant
change in tuning occur,,ed at 8.0 kHz where the hearing los was

greatest. fhe tip of the tuning curve was shifted downward from

8.0 to .).0 kHz; in addition, there was a notch along the high
f r eq. r -- ed-,e of the tuning curve. The effects of the high
frequnwy hearing 1oss can also be seen at 11.2 kHz where the tip
of the .:ning curve is nearly lost as a result of the exposure.
The cv.,,ked potentiaL results appear to be quite similar to those
seen ;2 h anir.al 51 - *. Unfortunately, animal 5147 died and we were
unable o obtain n.;C the anatomical or physiological data.

3--3 -10 inc -

Evoked ;o:entiai c[;ta- Chinchilla 552 was exposed to 50 impulses
having a. Dea': P o 160 dB. As shown in Figure 3.3.97, the

animaL '.ed i.3 in sensitivity after the exposure of
approxi- 'ely 43, across the range of frequencies. The
tunin v-s ul : n:, d at 0.5, 1.0, 2.0 and 11.2 kliz (Figures

3.3.9 .3 .9 13 .99 1. '. 100, and 3.3. 102) were in general shifted
upward _..-.ali .int without much change in the shape of the
tunin n:!- i ; , L.uting curves obtained at 4.0 and 8.0 (Figures

3.3.1U !nd 3.f.102) s{howed a slight shift in the location of the
tip of o:- tun :i- curve after exposure. In general, however, the

exposure see.c'3! to hive limited effect on the thresholds and
tuning curves of chinchilla 552.

Sin~ale unit dat,-: £n,- units with CFs below 2.0 kilz generally had

low thresholds d r-latively narrowly tuned frequency threshold
curves (Figures 3.3.104 and 3.3.105). The units with CFs between

* 2.0 and 6.0 kdz, howevor, had thresholds that were elevated
slightly and t:bing curves that had rather broad tips (Figure
3.3.106 and 3.3.107) often with a blunt "W" shape. Many units
with CFs above 6.0 kHz (Figure 3.3.108 and 3.3.109) showed
reasonably good tuning; however, the thresholds of the units were
somewhat higher tnan normal and higher than one might expect

based on the evoke-i response thresholds. The poor sensitivity
among the high CF units is more than likely the result of trauma
induced either by surgery or anesthesia.

Anatomical'data; The cochloram is unavailabLe for this animal

due to fixation artifacts which made it impossible to obtain
-* valid data.

3.3.11 Chinchilla 557:

Evoked potential data: Chinchitla 55'1 was exposed to 50
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m pulus havin - a peak SPL of 150 d*. T*Lne anir.ial died before the
p -hysio Iogic a and anr.-soineal data could be c le1ted; ho weocr
evokd r'esponse thresho.ds and tuning curves are availabl e.
Figure 3. 3. 110 s io that the ani 1naI susta ined a Io:z in
sensitivity of a)pproxi-at.ely 10 to 20 d B at 2 kifz and below whi e
sensit!L;ity re:fiainel unchanged at the higher frequencies. This
type of low frequency hearing loss was seldom seen with the blast
wave:; u- d in this expieriment. Little or no changes were noted
in the ilning curves ootaLned b eteen 2 . 0 and 11.2 kdz (Figures
3.3.113- :.3.116). At 0.5 and 1.0 kHz, whore the threshold shifts

!were ,F-ttest, the tsi ing curves (Figure 3.3.11 and 3.3.12) were
in geii.c al displaced upward 10-20 d with only a slight
broade-irig of the ti.p of the tuning curve.

3.3.12 Chirnchilla L03:

Evokc. :c: enti.al det-i: Chinchilla 603 was exposed to 50 impulses
having A peak SPL _;' 160 di3. As a result of the exposure, the
animal :stainej a nearing loss of approximately 40 dB at 2 kHz
and below while t-le 'iresholds at the higher frequencies showed

° little )r no ch-ance froia their pre-exposure values (Figure

3.3. 117>. The thun I curves obtained at 0.5 and 1.0 kHz were
extremely wide> t7u,6 3.3.118 and 3.3.119); furthermore, the
high f qnency 1 f the tuning curve tended to roll over at
high i" *-nsitic3 iiKiig the high frequency slope of the curves
rather shallow. ir:e interpretation of these results is that the
respo.--.-- to t ;i probe results from units not only at the probe
frequenZLes,, -s olso, from units of higher CF. This point is
made marec dramn , Laliy using the 2.0 kHz tuning curve (Figure
3.3.120); the tip o ." the tuning curve has shifted from 2.0 kHz to
approximately 4.0 'iiz as a result of the exposure. These results
suggest that the response to the 2.0 kHz tone is actually being
mediated by neu'cns ,with CFs near 4.0 kHz. Thus, the sensitivity
(or threshold shifrt) of the 2.0 kilz region of the cochlea is
probably significantly underestimated by the audiogram. The
tuning curves at 4.0, 8.0 and 11.2 kHz (Figures 3.3.121-3.3.123)
are shifted upwa rd sligt 'L-ly and there is some detuning (Figure

3.3.121) particularly at 4.0 kHz.

Sinjle unit data: The thresholds of units with CFs below 4.0 kHz
were higher tiian nornal. The thresholds of units with CFs near
2.0 kdz were extrerely high and the tuning curves were broad and
quite distorted. For example, in Figure 3.3.126, it is unclear
whether the CF is 1.9, 1.4, or 0.8 kHz. The units wi.th CFs near
0.5 and 1.0 k.z (Figures 3.3. 124 and 3.3. 125) also showed
significant threshold .,shfts; in spite of this, the tips of the
tuning curves were relatively narrow. It is interesting to note
that the high frequency flopes of the low frequency tuning curves
fail to roll over at high intensities as was the case with the
evoked response tuning curve. The difference, presumably arise
from the fact that the curves obtained with evoked re;sponse arise
from a populAtion of units along the cochlear partition whereas
the curve for a single unit represents the output of a limited
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segment of the bai L-ir icmbrane. fhe tuning curves wlti CL's n,ar
i.0 kdz were typiCaLiy "W" shapsi. As shos.;n in Figure 3.3.127,
tne thresholds in tne tail of solme 4.0 xHz tuiiind curves. were
simtiar to tao evoked response t 'reshold - nea' 1. 0-2.0 kilz.
T hus , iii nois exposed ani;mals, there is a propensity for iigh
fruqneney neurons to contribute to responses obtained with low
frequecay ton s. Aziny of tne tuning curves obtal ned from uni.ts
with (', abo-e 4.0 kiz show:ed reasonably good sen.s itivity and
sharp ,iing suggest .,gthat the hign frequency region of' the
cochleai ,as rela ti..Iy unaCfectcd by the exposure.

Auatom- :i! data: Figr c,, 3.3. 130 contains tile cochileogram of
chincni I-ia 03. Tue animnal had a large lesion of inner and outer
hair c. Ls centered the 5 kHz location of the cochlea. The
api-cal .'% of Lite o rlea was essentially normal. These data are
unusual In that thy o not correspond with the single unit or
evoked ...sponse data. Tne physiological and evoked response data
both a.;:' e in s.W,.: L a low frequency loss (30 dB) between 0.5

and 2 -z wn i , t: : i gn1 frequencies (4-1 1.2 k~iz) were
essentL zily ncrIa. . Tjlls represents the only instance in which
the anatomy was n tQ~al disagreement. At present we cannot
accour.n, for thIS dIscrepancy.

3..3 -13 n

Evoke-. ',.-n t L.a: Chinchilla 607 was exposed to 50 inpulses
naving f, Dea'k 1. or 160 dB. The exposure produced little or no
change r (Figure 3.3.131) and little or no change in
the evo<-.e_ *-_ie tuning curves (Figures 3.3.132-3.3.137).

This aniaal was the least affected by the 160 dB exposure.

*Sin gle units dItI: This particular animal had some of the lowest

single un-t thrio.Lds and sharpest tuning curves of any of the
animals used in tni3 study as illustrated in Figure
3.3.138-3.3.143. rni many cases, the difference in threshold for
frequencies in z ie tip and tail of the tuning curve were as great
as 60-70 dB anl the threshold of a number of units approached 0
d3 Si'L. Tnus, Line biijt wave exposure seemed to nave little
effect on single unit activity in this animal.

Anatomical data: The cochleogramn of chinchilla 607 (Figure
3.3.144) shows th-At the blast wave exposure produced little hair
cell loss except perhaps for a small patch of OiC in the 3.0 kdz
region of the cochlea.

3.3. 14 Chinchilla 7c-:

EvoKed potential dat-a- Ch7incniila 750 was exposed to 50 impuLses
having a peak SRL of 155 dB. As a result of the expo-3ure, tne
animal sustained a hearLng l:,s of at leant 15 dB at all
frequencies except 1I 1.2 k[lz (Figure 3. 3. 145). Th,-! m axi_: u: Ios
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j was ijjproxi.::iAt..!1y 50 , 3 at 2 k.i zH . Tne tuning Curves obt i . - at
0.5, 1.0, 2. -nd n.h (rigou'es 3.3.11+o, 3.3.147, 3.3.J 16 .3nq

3 .3. 15 ) w ere sn i3 .2 1 .. .rd to v c y in- d cr een de cn ,ikig on th e

Loss n sen sLttvty . , t -hI probe fre quncy. Tia most sig if icant
cLoN c h .a in t; i.,n o: ci _ec! ni.. 0 kifz where te url.i n, cu ve

e),nJ t1s ." t,, i.1 . 1n'h 8.0 k Is bu. .i ng curve a so ecamo
subs;in aIliy D c ,a ,r a t-,, the ex:posure. There -oas rlcatively
LItt' 1n change in tn- 43.0 ksl tunin- curve (Iigure 3.3.14 9) which
is r at- sur:i, 2n tni fact that th-3re 4as about a 15 dd
loIs J - -:i t vi t this frequency. No singfle unit data is
aval 'e sih2;,2 th ,:cirrj di i before these fxperi nnts could be

carrie' .ut.

Anato L data: .,ochleogra of" h inchilla 750 is shown in

Figur e ,.3 - 1 2. . . 2)ch Lea of thLs anim.ial was rather
in ter e in th i, ere was a mrild 5-20 loss of IHC and OHC

throus,. t most ,: tne cochlea except for the region from 1.0 to
4.0 k - * ere t n:,' ,as a significant loss of OtiC. This loss of'
OHC co -ponii t"- region of greatest hearing loss and

detun;i . Usfo"'t:,ty, the changes in tnresho.Ld observed at
other f.iqncne_ ar'e not well correlated with the hearing ioss,
e. g., .L C . arid z. (LIz.

33.,15 " i c ! , 0:

Evoked or)te J .,tI : Chinchi 1l1 320 was exposed to 50 impulses

having a. i< i o 55 dlb. After exposure, the animal showed a
thresh.J sa," 1f 3- dB at 1.0 and 2.0 iHz (Figure 3.3.153)
and lIL te o n ,itivity at other frequencies. The 1.0 kbz
tuning curve (f 1:,1, 11 1 . 3. 155) wad snifted upward after the
exposure and tere 's a moderate loss of tuning. The 2.0 kliz
tuning corve (.,u 3. .156) was grossly abnormal with the tip
of the cunig e:;s-ve d!L3siaced from the 2.0 to the 4.0 kHz region
of the cochlea. TI-. 4.0 kJz tuning curve (Figure 3.3.157) was
also dispLaced upwar-1; this is somewhat surprising given the lack
of tnres i~od shift at this frequency. Other tuning cui-vus
(Fi-ures 3.5.131, 3.3.158, and 3.3.159) were nearly unchanged.

Single uriL da is :., avai Lable since tne animal (lied before

the pnysioLo;ic -i m-easurements could be obtained.

Anato:nna d -t The: cochleograin of cninchilla 820 is shown in

Fi gure 5.3. 1U. J Tnro,:Thout most of the cochlea there is a mild

Los3 of' IH'C and O3C. ilowever, near the 0.5, 1.2, 5.0 and 9.0 kilz
regLonsi of tlie dochieS there are relatively large, but narrow

lesioni of" F iC end/or UiIG. The locations of the lesions are in
.. general agrimet with the frequencies where tne evoked porentLaL

thresiiolds and tuning curves are abnormal; howe(ver, the ciiange:;
appear tu be soFewhat greater than one would expect on the b'isis
of the size of th,- -esion.
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3. 3. 10 h n h IL

revokdp o tenItn a L da: uhinehi ].a 832 wa exposed to 50 inp ue.;
ihavn . a peak SP, of 1 I d . Aftecr the exposure, t he th:shoId
fro n t . to 4 0 .0 kiz w, 'e elevated approxJ ::at . y 15 -35 d[i ,-rb tnr
,' greates3t ioss ear'rLn at 2.0 Xiiz (Figure 3.3.161). fh 0.5 and
4.0 : L tuning curves wre shi fted upuward after tne exposure, but

the tip s of the curv.' ; were still r,_lativeLy sharp. Significant
C Ieii , cui'red in thc 1.0 and 2.0 kdz tuning curves (Figures
3.3.1 : 1nd 3.3.1 64) . The tips of the tuning curves were snift a.d
upward1: o the 5 e:1:7 region arrd the tips of the curves w.-re
ext broad. Toe 4.0 and 8.0 and 11.2 kHz tuning curves, on
the e-hand, either showed no change or were shifted upwards

I (Figure 3. . 165-3.3.167).

in _le 1- t d zta: A-poroximately a dozen units were obtained on

this an a,1I1 before t a experiment ended. Thus, comparisons with
anato 0: . d evok t Vk spo;!se data are limited. Figures 3.3.165
and 3. ae c:- eurves from units with CFs near 1-2 kHz;

both u-: .s have e s.ly high thresholds and are relatively

broadly -uned. Tce threshoids of units near 4.0 kiiz were also
clevated, but to a lesser degree than those of lower Cc;

nevtr ti ess, the t' ng curves of these mid-frequency neurons

were rE .ttively broa1. ihe tuning curve of unit 3 (Figure
3.3.170) for ex' is interesting since the thresholds in the

tail c:' W-_ tur_'- c-, ,'e arc lower than those with CFs aL-ound 1-3
kifz; f', ner-nor, tne tail thresholds approximate the evoked
res po trsa sured at the low frequencies. These

. t. the mid-frequency neurons may be mediating
the r .- 2.se t .- f.,!quency tone bursts.

AIatoi ,lalC- 'ja Fiaure 3.3. 171 contains the cochieogram of
nn t 85. ';nr is nearly a complete loss of OtIC from

about ti 0.8 t; 6.C 'iz regions of the coenlea. The loss in

sensitivity and h Scs in tuning in the evoked potentials are

roughly correlat..d wi an the location of the lesion; however, the

changes appea r _. c, somewhat snaller than those observed with
lesions Iocat ir i Jo'e basaILy. rhe single unit data follows the
general contour of tue lesion; however, the changes in tnresho.d
seem to be soCn, at greate Th.n those observed with the evoked
response.

3- 3. 17 Chine'.lia ?.C)0

Evoked ootontia iata: Chinchiil a 860 was exposed to 50 implses
havin.-), a peak si, of 153 dB. fhe exposure produced only a s:alt

10-15 dB thre-.old shift at the high frequencies (Figure
3. J. 172) . None of the evoked response tuning curves showed any
significant !na iges as a resuit of the exposure (Figures

3.3. 173-3. 178).

Single unit data: F.igures 3.3. 179-3.3. 184 are typical single

unit tun ing ,urves from cninon kl, b60. The tuning curves'
generally have low thresholds and are narrowly tuned. However,
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thoe th:'eshold: of orre unit. with Cts above 10 kilT,. were slightly
higher than normal.

A nato _a_ _Ldta: T' cochl ogrLam of eninchilla 860, which i5
shown i Fiue ... w. , little or no hair celi loss witb

h .ep 'tin of ;a fe, ; 1>s'?, nair cels in the extrem, basal
re n o t:e a-co hla -n u % ary, the 155 d3 alast wave
exposure nad it; t. uIe no cffect on the evoked potential and
sirgie 4 trWas urea ,ad pr'oduced virtually no danage in the
Co oh A ?:

3. 3.O Jjn

3.3. 13 i;in-cnlhla 9 5:

vo0k ec !:2,etntial d.ta :a Chinchilla 925 was exposed to 50 inlpul o;;
having peak d2K of 155 d?3. The exposure resulted in a small

t shifc above 3.0 kilz of approximately 5-15 d3 (Figure
3.3.i ,  . .n ' . ,hangu in tuning were noted; generaLly tile
tuning -..,"es;re o splaced upward on the order of 5-10 dB
(Figur:". .3. i 3't'-3.. i2). Thus, the 153 d$ exposure produced
little or no eha;. in he evoked potential threnolds and tuning
curves.

Sine t tne-,3: The single unit tuning curves of most
units 9r'; caino ' -25 had relatively low thresholds at CF and
the tiip of the curves were quite narrow as illustrated by
Figures .. 3. 93-3.198. Apparently, the noise exposure had

.. itle fec o- r response patterns of these nerve iocers.

Anatora-o 2 _dta: Figure 3.3.199, which contains the cochleogram

of chinobi £ L 9-., snows little or no hair cell loss throughout
most of the cocr tca exoept for a punctate lesion of both I1C an(d
Odc near 4.0 kiz. This lesion did not seem to have a significant
effect on either the evoked response or singlo unit response.

3.3. 19 Chinch ,1a 940:

Evoked potent i : j data: Chinchilla 940 was exposed to 50 impuT ses
having a peak .L of 155 IB. The anim a sustained little or no

hear-ing loss as a resault of the expos ure (Figure 3.3.200) and
there were only ,n;inor or insignificant changes in the evoked
re.sponse tuning curves (Figures 3.3.201-3.3.206).

SinLe unit data: A somewhat sample of 65 units was obtained
before tnie experiment was terminated. Most of tile units that
were stud; ed, however, had relatively low thrushoids and tuning
curves with relativ-,ly s_,harp tips as illustrated in Figu-es
3.3.207-3.3.212. The unit3 with very low or very high CFs nad
thresholds tha were .liI-htly higner than normal; however, only a
few suen units were obtained and it seems likely that more
sensitive units would have been found if tue experiment haad
continued. ALthou:,n rhe sample i,: iimited, toe data sugg, at .
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that tne exposure iihjd ttle efe on ar. to-. 1 r, ve fier

activi ty.

Anator;,,ital d-s a: h;- cocha, Togr<n1 of chi nc- i " 1 940 .) J1 F i ure

3.3.21 '2 s O'WS Sfl U: fl., il 5 i-' _ ,'.d scatte -d ro: C: f O:1C
Thus , t here i S ILL t , J vi d e cc t .ahe bla:t wave cxpo.;u-e I- a
any e c t on the ..si -D a

4.0 Di.':1sass.on
..

* The bL:,- t. wave exposures used in this study produced a diverse
set of n:idiomtric, physiological and anatomical changes. As one
would -per, th 1-, d 3 blast wave exposure produccd less
trauma. effect:c t., .,n khe 160 dO blast wave exposu 'e. Only
thr r . . .he six a nir,: a.1 e ood to tho 155 dB oxposure ohe d a
notie-.: e hair cell loss and/or change in sensitivity, while
nine t e thirt ; ii-a Is exposed to the 160 d13 impulse showed
a siznf :,ant lo. nair cells and a change in sensi, tivity.
Furtn.-:- re, the 1 3t o. o c'nlear lesions and the ,ost p ronounced
chang.T

es in thre2,t .u ana tuning were observed in the ani;nals
exposed to the 10 3 i6pulse.

The pat--:. n of :vaied widely across animals exposed to
essenti -.-y ti ast wave level. The extreme r-ne of

variabi .. .y ca: 1. " ,eciated by comparing the resul ts from
chinchii±as 60 a' r3C'/ Chinchilla 607 was virtually unaffected

by tho .,, d ' "ve whereas chinchilla 60 showed nearly a

comple l.oss 1 1 .nd/or OC over the basal two-thirds, of the
cochlea f I nt tnrehold shifts and changes in tuni rig
over all but t . frequency. The range of variabi ity was
much less in ti. ,croup of animalcJs exposed to the 155 d3 blast
wave. The wd rnan , of variability produced by the blast wave
exposures, espe, a 1 Ly in thc 160 d3 group, may be partially
accounted for- bY re ruptures seen in the tympanic :ieoMb-an e
(anatomy section 3.5). if the ruptures were to occur cirly in
the exposure, tn-.n t;-. input to the inner ear would bi: attenuated
and the oachL.. ) :.-,rul ,  he protected fromi further damagei, .-- RuPtur es
of the tyrnpan. e . ie were more prevalent in animals exposed
to the 160 d t ,.;,ve than those exposed at 15 1 B; ttiis :iay

account for th "ider range of damage seen in the former group,
although other factors may also play an important role

Besides the enorieous variability in the overall Level of damnage,

there were also large differences in the pattern of da:;iage along
the cochlear partition. In one case, the width of the lesion
extended from the 1.0 to 17.0 kilz region i;hile in other animal-s
there wa3 only a sa-iIIL punctate lesion. Frequently, the lesion
was -Located near, the !,iiddLe o' the cochLea with relatively nor:al1
areas of the cochlea on either side; how-.ver, there were several
cases where the lesion was located in more basal regions of the
cochlea. Thu,,, th. focal point of the le.ion may vary evul
though the aeou.tic spectrum of thei !mpuL:-e has not, char yed. .[i
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-rne'aL, the (t53 it 3'200 ,d as. v_, thma the IHC

'he[ tn OT, 61-1c U I a , i , o C or I . r a p; , 't i C a I r

.grorI ., the en u..vloal 11;oked respons3
. r .rs3 ,1 s issoe i t tn o iio ;f n e'' t,',iln y ue ,ted

apCOxi-Ai . i. 20 M6 ID ri - I I. of I i1a i ) oss was
i.luon aod s ) 1,OaCt by te ? e 1 io: Ct tr .C It Jrequ ncy
reLa ' t o t 1 I ls;r. Test eqt cIIs te,1Ct wq rc cenecred o n

0. ", , ' ;t t0r . .. .t, ct t n oth r
freq . e3 t h Located on the bord:: of th . 10soL (e.g. ,
c75n0' a [ed, Fi ' 3•3.1e5) . T te frequ e lieorder to the
I es ion e i.uD Ly -1o4 less th esho 0 s i £; t tona th-, . rier the
Cen 3 " the ' ', ri cause the e-t a t Lon pd tL 2n has a ,,re ater
lii e 1 0 V- "r into n ar::L refto i, of the cochlea
adjac e to the Ii This would be part Lul ary true if the
hi 47,,n . ency r ro basal to the le I.on wore normal. Tne
de.re thres: sift also seemed to be cla. cd to the

Ioeat I cf the n; the threshold shif us assooiated with
apica I sions :i '' to be less than those associated with the
base• e e spee oi c xcitation tow,;:ards the base of the cochlea
could one £'faet . crntribuoing to this difference.

S in' Ie t ir fi'be's with Crs correspond Lng to the lesion
aIso o nJ h thresholds; however, the threshoId
smit t tai n¢ . iividual units were typically larger than

tho:se n). ;u- ;'''v, evoked response or behaviorally. When
the I h DIG and OrC, then it was never possible
to I - f" g C Fs corresponding to th1e lesion.

ow e , if t.: .{, ]nvo Ive d j tv t 0 AC , tnc.,n j t wva-3 generally
poss tb( S wIth CFs corresponding to tiu location of

the to (e.. cl (j.,t 366, Figure 3. 3. 4) . Units with Crs
te "I n the r of QIC had grossly abnormal tuning curves

sand 1 3s sct f f icult to accurately assign CFs to these
units. urthj , nth tuning curves were oft.(n " h" sxpd with
the treold i he tj iLI being lower than t hat in the tip.

In 1 f .4 tnst.n e3 t,."c ,a a sli t cievation of threshold in
the abs n of ny si nitfio-nt hair cell loss (e.g. , chinchilla
510 and 5) 3, - eight thres h !,a i ncre ses coul d be the
result o1 si'b t±e co !ilear pitholn gies which are not detected with
a1 eonv2!ntona- neleogra n . Altern.tLvely, the threshold shifts
could be the -o -;Lt of reasuenc errors, e.g. , one miit fail

to re cor fro -i :a most sens itive ncr ve fibers associated with a
particular tel of the cochlea or tne evoke<,d response tracings
:ilnt be extrie;ly noisy during a test session.

fnere were a variety of .I. in th e voked pot ntia and
beha{viormil tun in -; eur-:m iLLtow no 0 xoosur'e to too bLast waves.
Tnecien cs in tnann- were 1oast pt'):Ould in re i ons where the
h*aring Loss and rntr c. LI Loss we re eate..c!t The most
fundamental and caimon c hzin , :, ! , n tuis was a ;s imp L ci e vati on in
the tip of the tunir 7 cinvv t i resulted in 5n av e
broadening of Lim tunWl ,r'; In o-ie cwsei, howe 'wt, tvr

i



tips of the tuning curve-3; were displaced either above or be low
the probe frequency. Tuning curves with tips displaced towards
higher frequerlncie:3 jencrally occurred with mid-cochler or
low-frequency hearing !oss (or apical or mid-cochlar lesions).
The tip is presumably displaced because neurons with Cis above
the tip are ai seriLitive or more sensitive to the probe frequency
than t ios e located at the probe frequency. Thus, the
masked-threshold tuni ng curve may r;ap out tne response of units
located above the probt (e.g., chinc!hilla 603).

Funing u'srves tips were sonaetimes displaced toward lower
freque!.ees when the evoked response or behavioral thresholds
below t .e probe frc-i'i;ncy were substantially better than those

,near t-. probe. "n te downward displacement generally occurred for
probe .r cquencies legated on the low-frequency border of a
high-frequency hearing loss (e.g., cinchilla 543 and 459). The

*downwar"K shift in the tip of the tuning curve was generally much
*'" less Y the u0ar. shift. One obvious reason for this

differ is t]-t the mechanical response of the basilar
membran? spreads :ore rapidly towards the basal or high frequency
region f Lhe ch~ea than towards the apical or low frequency
area.

The sir.-le unit tunlng curves showed relatively systematic
changas ne"enlIn he location of the unit's CF relative to
the le.7on. If tnr CF was located basalward of a cochlear
lesion, .:e thr -:.-hold of the unit was relatively normal at CF.
However, the thr9.n' in the tail of the tuning curve was often
lower :ncu nor'J% (*-ypersensitive) and the tip and tail regions
were s:.ezaated -y hign threshold notch. Furthermore, the
tuning curves w-e "'," shaped (e.g., unit 126, Figure 3.3.51).

When the CF 'wart. cenctered on a significant OHC lesion, the
threshotd at CF wzi generally quite high while the thresholds in
the tail of the t .ning curve were not as severely affected. In
some cases the r' :a3 a high threshold notch between the tip and
tail region ( u.:., nit 4, Figure 3.3.48), consequently, some of
the tuning curv wer "W" shaped. However, in many cases the

tuning curves taLled to show a pronounced threshold minima at any
frequency and th t ing curves assumed a broad "U" shape (e.g.,
unic 133, Fig:>:; 3.3.63) or "V1 shape. "" shaped tuning curves

were also found if tn CF was located along tie apioal border of
a lesion; again, it was common to find a sharp notch separating
the tip from the tail of the tuning curve (e.g., unit 14, Figure

3.3.64).

The hyersenitive thresholds that occured in the low-frequency
tails of so7e uni t3 with "W" shaped tuning curves are potent ially
important for und rstanding the relationship between t nu
magnitude of nair cell loss and tie amount of threshoLd shift
measured behavior;l Ly or with th;. evoked response. The
frequencies that were hypersensLtive in the tails of the 'lingle
unit tuning curve s were often i-sociated with rCgions of te
cochlea with large cochlear lesions. The thresolds of tnh iuit t

with CFs corre.lponding to the Jocation of theI ion in turn h '
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elevated threshoids; "he tir-c.nhoL.,, at, CF woe oftur hi gher than
the thresholds Uound n the hyp,-rsen ;ti ve tails of units with
CFs Located above the lesion. For example, thce threshol d at 1.0
Keiz of unit 12, which has a CF z 4.0 kilz (Figure 3.3. 127) is
lower than that of unit 2", which has a CF = 1.0 kiz (Cigui-e
3. 3. 125) . Further, ore, thc threshold in th.- tail of unit 12,
wnicn has a C of 4.0 kH,, closely approximates the evoked
response threshold at 1.0 kiiz (Figure 3.3.117). These rcosu ts
clearly i l1ust ate r<ow low frequea cy thresho Lds can be mediated
by uni cs with CIs located above the lesion. The net effect is
that tn pure tone audiograz can grossly underestimate the
thre3hci shift and anatomical damage orrcspornding to a
particu.- r loc -tion along the basilar membrane. The
hypers i.3itive taill- also help to explain why the tips of
psycho--.;osical and evoked response tuning curves (e.g., Figure
3.3.120, are displacei toward higher frequencies.

Using analysi<; rf blast wave lesions, a distinction was made
betwezn ] esions which seemed to be the result of direct

mechani -i damage n. the organ of Corti versus lesions that
seemed -o r esus froi metabolic factors. A qualitative
comparilson can be 'ade of the single unit tuning curvcs obtained

from cih,-chiliia 6 -n 366 that sustained "mechanical" lesions
versus <cinchil, 459 That sustained a "non-mechanical" lesion.
The tuni.g curve.i obtained from these animals did not seem to

differ --ignifica± i -ern though the underlying lesions appear to
have be:.:; induce, in a different way. Thus, one might conclude
that thn -anner "n c the lesion is induced does not seem to

signif ntly !~i l ncea the physLological results. However, this
view ne*-dio to,, i-;. preted cautiously. First, rather limited

physiol.- ial o-, t..J are available from animals with
mechanical-type Lesiw s. Second, the data were obtained at least

2 months post-exposure so that the lesion had resolved itself
into a stable .--c, conecfiguration. The physiological results from
the two types of le.-sions might have been fundamentally different
during thc early sta,7es of trauma when there is likely to be
significant inter i ig of fluids from the mechanical ruptures
(e.g., Figure 3.2.2). It would be important to study the
physiological r-.ospocnes during the early stages of cochlear
trauma.
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Figure ~ --.- ..-.- 3.2.1 Scnnn Elcto Mj irograph of the normal ~ ~..~w;w ~.4 -' .w.-. -

chnhii cocie
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Figure 3.2.1: Scanning Electron Micrograph of the nra
chinchilla cochlea imeitl afrbas

Figure 3.2.2: Scanning Electron Micrograph of the
chinchilla cochlea immdaote poafte l

Figure 3.2.3: Scanning Electron Micrograph of the
chinchilla cochlea Imdiapot-eyoaute ls

wavehll exposurey pstexosr

Figure 3.2.4: Scanning Electron Micrograph of the
chinchilla cochlea 1 days post-exposure

Figure325 Scanning Electron Micrograph of the
chinchilla cochlea 10 days post-exposure

Figure 3.2.6: Scanning Electron Micrograph of the
chinchilla cochlea 50 days post-exposure

Figure 3.2.7: Scanning Electron Micrograph of the
chinchilla cochlea 30 days post-exposure

Figure 3.2.1: Scanning Electron Micrograph of the
chinchilla cochlea 10 days post-exposure

Figure 3.2.9: Scanning Electron Micrograph of the
chinchilla cochlea 10ldastrtn potepsr

cnmchllal hleain 30 days post-exposure

Figure 3.2.11: Scanning Electron Micrograph of the

cnchlan ccleain 30 day post-exposure

Figure 3.2.12: Scanning Electron Micrograph of the
chinchilla cochlea illustrating a
non-mechanical lesion, 30 days post-exposure

Figure 3.2.14: Scnig Eetomicrographofbatwv-nuetr of the

tympanic membrane
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Fig. 3.3.0: Pre- and postexposure behavioral thresholds of
chinchilla 59.
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Fig. 3.3.1: Pre- and pos'exposure psychophysical tuning
curve at 0.5 kHz for chinchilla 59.
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Fig. 3.3.2: Pre- and postexposure psychophysical tuning

curve at 1.0 kHz for chinchilia 59.
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Fig. 3.3.3: Pre- and postexposure psychophysical tuning
curve at 2.0 kHz for chinchilla 59.
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Fig. 3.3.4: Pre- and postexposure psychophysical tuning
curve at 4.0 kHz for chinchilla 59.
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Fig. 3.3.5: Pre- and postexposure psychophysical tuning

curve at 8.0 kHz for chinchilla 59.
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Fig. 3.3.6: Pre- and postexposure psychophysical tuning

curve at 11.2 kHz for chinchilla 59.
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Fig. 3.3.9: Pre- and postexposure psychophysicai tuning
curves at 0.5 kHz of chinchilla 60.
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Fig. 3.3.10: Pre- and postexposure psychophysicai tuning
curves at 1.0 kHz of chinchilia 60.
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Fig. 3.3.11: Pre- and postexposure psychophysical tuning
curves at 2.0 kHz of cninchilia 60.
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Fig. 3.3.12: Pre- and postexposure psychophysical tuning

curves at 4.0 kHz of chinchilla 60.
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Fig. 3.3.13: Pre- and postexposure psychophysical tuning

curves at 8.0 kHz of chinchilla 60.
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Fig. 3.3.14: Pre- and postexposure psychophysical tuning
curves at 11.2 kHz of chinchilla 60.
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Fig. 3.3.15: Auditory nerve fiber tuning curve from
chinchilla 60.
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Fig. 3.316: Auditory nerve fiber tuning curve from
chinchijla 60.
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Fig. 3.3.17: Auditory nerve fiber tuning curve from
chinchiia 60.
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Fig. 3.3.18: Auditory nerve fiber tuning curve from
chincniiia 60.
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rig. 3.3.19: Auditory nerve f .ber tuning curve f rom
chinchilla 60.
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Fig. 3.3.21: Pre- and postexposure behaviorai audiograms of
chinchilla 117.
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Fig. 3.3.22: Pre- and postexposure psychophysical. tuning
curve at 0.5 kHz of chinchilla 117.
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Fig. 3.3.23: Pre- and postexposure psychophysical tuning
curve at 1.0 kHz of chinchiila 117.
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Fig. 3.3.24: Pre- and postexposure psychophysical tuning
curve at 2.0 kHz of chinchilla 117.
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Fig. 3.3.25: Pre- and postexposure psychophysicai tuning
curve at 4.0 kHz of chinchilla 117.
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Fig. 3.3.26: Pre- and postexposure psychophysica- tuning

curve at 8.0 KHz of chinchilla 117.
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Fig. 3.3.27: Pre- and postexposure psychophysicai tuning
curve at 11.2 kHz of chinchilia 117.
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Fig. 3.3.28: Auditory nerve iiber tuning curve from
chinchiiia UL7.
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Fig. 3.3.29: Auditory nerve fiber tuning curve from

chinchilla 117.
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Fig. 3.3.30: Auditory nerve fiber tuning curve from

chinchilla 117.
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Fig. 3.3.31: Auditory nerve fiber tuning curve from

chinchila 117.
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Fig. 3.3.32: Auditory nerve fiber tuning curve fromn
chinchilla 117.

c
I



= CC) 00E

(LO

-C:

-4.) 0

(ww
* (44

ZI4rN~l
'Cu -4

N zeC C

-- J cr cr- oY Cll I
ZW

4 *1 

I-

LL 0L

s-oi -111 % ~



AD-0172 467 BLAST TRAUN THE EFFECT ON HERRING(U) TEXAS UNIY NT 2*04-
DALLAS CALLIER CENTER FOR CONNUNICATION DISORDERS
R P HAMERNIK ET AIL. JUL S3 DAND7-6I-C-S133

UNCLASS IFIED F/C 6/19 16.

EEmhEEEEEEEEEI
EEEEohEEEEEEEE
EohEEEEEmhohEE



1.16.

Lo 1111--8l
11111"25 11111 4 111111.6

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS 1963 A



118 FUDIOGRM (20 MSEC)
I I I I !1 1 1 1 I I I I I I ii I

100RE
100o POST

80-

60-

40-

-0

20-

* 0 -

-20

0.1 0.2 0.5 1 2 5 10 16

FREQUENCY (kHz)

Fig. 3.3.34: Pre- and postexpore behavioral audiograms from
chinchilla 118.
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Fig. 3.3.35: Pre- and postexposure psychophysical tuning
~curves at 0.5 kliz from chinchilla 118.

-.b



TUNIHE CULRUE 2K

100- 118
o PRE
o POST

440

D -
60-

-20J

.

0-

TK J
-201

I . . -I "I I I I II l I 1 l 1 I1 I'

0.1 0.2 0.5 1 2 5 t0 16

FREOUENCY (kHz)

Fig. 3.3.36: Pre- and postexposure psychophysical tuning
curves at 1.0 kHz from chinchilla 118.
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Fig. 3.3.37: Pre- and postexposure psYcnopiysicai tuning
curves at 2.0 kHz from chinchilla 118.
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Fig. 3.3.38: Pre- and postexposure psychopnysicai tuning
curves at 4.0 KHz from chinchilla 118.
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Fig. 3.3.39: Pre- and postexposure evoked response
audiograms from chinchilla 366.
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Fig. 3.3.40: Pre- and postexposure evoked response tuning

curves at 0.5 kHz from chinchilla 366.
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Fig. 3.3.41: Pre- and postexposure evoked response tuning

curves at 1.0 kHz from chinchilla 366.
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Fig. 3.3.42: Pre- and postexposure evoked response tuning
curves at 2.0 kHz from chinchilla 366.
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Fig. 3.3.43: Pre- and postexposure evoked response tuning

curves at 4.0 kHz from chinchilla 366.
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Fig. 3.3.44: Pre- and postexposure evoked response tuning
curves at 8.0 kHz from chinchilla 366.
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Fig. 3.3.45: Pre- and postexposure evoked response tuning
curves at 11.2 kHz from chinchilla 366.
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Fig. 3.3.46: Auditory nerve fiber tuning curve from
chinchilla 366.
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chinchilla 366.
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Fig. 3.3.49: Auditory nerve fiber tuning curve fromI chinciiia 366.
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Fig. 3.3.53: Pre- and postexposure evoked response

audiogram from chinchilia 459.
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Fig. 3.3.54: Pre- and postexosure evoked response tuning
curve at 0.5 kHz from chinchilla 459.
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Fig. 3.3.55: Pre- and postexposure evoked response tuning
curve at 1.0 kHz from chinchilla 459.
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Fig. 3.3.56: Pre- and postexposure evoked response tuning
curve at 2.0 kHz from chinchilla 459.
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Fig. 3.3.63: Auditory nerve fiber tuning curve from

chinchilla 459.
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Fig. 3.3.69: Pre- and postexposure evoked response tuning

curves at 0.5 kHz from chinchilla 510.
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Fig. 3.3.70: Pre- and postexposure evoked response tuning

curves at 1.0 kHz from chinchilla 510.
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Fig. 3.3.71: Pre- and postexposure evoked response tuning

curves at 2.0 kHz from chinchilla 510.
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Fig. 3.3.72: Pre- and postexposure evoked response tuning
curves at 4.0 kHz from chinchilla 510.
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Fig. 3.3.73: Pre- and postexposure evoked response tuning

curves at 8.0 kHz from chinchilla 510
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Fig. 3.3.74: Pre- and postexposure evoked response tuning
curves at 11.2 kHz from chinchilla 510.
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Fig. 3.3.77: Pre- and postexposure evoked response tuning
curves at 0.5 kHz from chinchila 543.
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Fig. 3.3.80: Pre- and postexposure evoked response tuning

curves at 4.0 kHz from chinchilla 543.
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Fig. 3.3.81: Pre- and postexposure evoked response tuning
curves at 8.0 kHz from chinchilla 543.
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Fig. 3.3.91: Pre- and postexposure evoked response tuning
curves at 0.5 kHz from chinchilla 547.
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Fig. 3.3.92: Pre- and postexposure evoked response tuning
curves at 1.0 kHz from chinchilla 547.
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Fig. 3.3.93: Pre- and postexposure evoked response tuning
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Fig. 3.3.95: Pre- and postexposure evoked response tuning

curves at 8.0 kHz from chinchilla 547.
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Fig. 3.3.98: pre- and postexposure evoked response tuning
curves at 0.5 kHz from chinchilla 552.
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curves at 4.0 kHz from chincnilla 552.
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Fig. 3.3.102: Pre- and postexposure evoked response tuning

curves at 8.0 kHz from chinchilia 552.
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Fig. 3.3.103: Pre- and postexposure evoked response tuning
curves at 11.2 kHz from chinchilla 552.
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Fig. 3.3.104: Auditory nerve fiber tuning curve from

chinchilla 552.
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Fig. 3.3.110: Pre- and postexposure evoked response
audiograms from chinchilla 557.
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Fig. 3.3.112: Pre- and postexposure evoked response tuning
curves at 1.0 kHz from chinchilla 557.
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Fig. 3.3.113: Pre- and postexposure evoked response tuning

curves at 2.0 kHz from chinchilla 557.
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Fig. 3.3.114: Pre- and postexposure evoked response tuning

curves at 4.0 kHz from chinchilia 557.
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Fig. 3.3.117: Pre- and postexposure evoked response

audiograms from chinchilla 603.
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curves at 0.5 kHz from chinchilla 603.
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curves at 2.0 kHz from chinchilia 603.
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Fig. 3.3.131: Pre- and postexposure evoked response
audiograms for chinchilla 607.
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Fig. 3.3.133: Pre- and postexposure evoked response tuning
curves at 1.0 kHz for chinchilla 607.
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curves at 8.0 kHz for chinchilla 607.
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Fig. 3.3.143: Auditory nerve fiber tuning curve from
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Fig. 3.3.145: Pre- and postexposure evoked responseaudiograms from chinchilla 750.
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Fig. 3.3.146: Pre- and postexposure evoked response tuning
curves at 0.5 kHz from chinchilla 750.
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Fig. 3.3.147: Pre- and postexposure evoked response tuning
curves at 1.0 kHz from chinchilla 750.
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Fig. 3.3.156: Pre- and postexposure evoked response tuning
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Fig. 3.3.157: Pre- and postexposure evoked response tuning
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Fig. 3.3.158: Pre- and postexposure evoked response tuning
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Fig. 3.3.198: Auditory nerve fiber tuning curve from

chinchilla 925.
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Fig. 3.3.200: Pre- and postexposure evoked response
audiograms from chinchilla 940.
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Fig. 3.3.201: Pre- and postexposure evoked response tuning
curves at 0.5 kHz from chinchilla 940.
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Ii.3323 r-adpsepsr evke res...s tuning



TUHING CURUE 4K
I I I I t i l I ! I Il I

o PRE
o POST

h, h

80-]

601

P0

- U -

-201

0. 1 0.2 , 10 16

FREQUENCY (kHz)

, Fig. 3.3.204: Pre- and postexposure evoked response tuning

curves at 4.0 KHz fromn chinchilla 940.

A!

P-: .'-."'",. : . .. ' ':.;. . : : :: % .°.:.. .5< <.' ; .; .--"--- "":-:.., :-:-:-.--:' -:0.:-',-'



TUNING CURUE 8K
II I I 11111II I I tI I .Il

o PRE-3 POST

80-

-J40-i

20

G

-201
I i I 11I !I I1i I I I1 I I1 II1

0.1 0.2 0.5 1 2 5 10 16

FREQUENCY (kHz)

Fig. 3.3.205: Pre- and postexposure evoked response tuning
curves at 8.0 kHz from chinchilla 940.
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Fig. 3.3.206: Pre- and postexposure evoked response tuning
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Comparison of Psychophysical
and Evoked-potential Tuning
Curves in the Chinchilla

RICHARD J. SAIW. P.D., WILLIAM A. AHROON. Pt.D., JOHN W. PERRY, P.D.. ADi.: D. (hNNARSON, M.S.,
AND DoN HENDE:RSON, Pii.D.

Frequency selectivity was examined in normal-hearing chinchillas using psychophysical
and evoked-potential tuning curves. The acoustic conditions and masking procedures
used for the evoked-potential and psychophysical studies were nearly identical. Fre-
quency selectivities as measured by psychophysical and physiologic techniques were
quite similar across different probe frequencies. The results suggest that the relatively
efficient evoked-potential procedure may be substituted for the time-consuming %
psychophysical paradigm. Furthermore, the results are consistent with the view that tun-
ing takes place primarily at the auditory periphery. (Key words: Evoked response; Fre-
quency selectivity; Tuning curves.)

Brainstem electrical responses (BSER) have More refined techniques have been used to
become popular metrics for estimating thresh- demonstrate the frequency-specific nature of the
olds in both humans and animals. Generally, the BSER. Don and Eggermont; and Terkildsen et
responses have been measured with clicks or al.' used a masking paradigm to derive the
tone pips with fast rise-fall times, since these frequency-dependent components of the BSER
signals are the most suitable for synchronizing response. Both studies demonstrated that
the underlying neural activity. Tone pips have frequency-specific information is contained in "

the added advantage that thresholds may be as- the BSER; however, it is difficult to relate the set
sessed at different frequencies in order to obtain of frequency-dependent components of the
an "audiogram."I :' BSER to psychophysical measures of frequency

One of the important issues surrounding the selectivity.
interpretation of the BSER data concerns the de- A more direct way of assessing the degree of
gree of frequency-specific information contained frequency specificity of the BSER response is to
in the response. Frequency specificity is measure tone-on-tone masking patterns or tun-
suggested by several properties of the response. ing curves (TCs]. In psychophysical studies, the
The latency of the BSER decreases as stimulus subject's task is to detect a low-level probe tone
frequency increases' in a manner consistent with that is fixed in level and frequency. The as-
the mechanics of the basilar membrane." Fur- sumption is that the low-level probe excites a
thermore. the "threshold" of the BSER varies limited number of neurons having best frequen-
with frequency in roughly the same manner as cies in the vicinity of the probe tone. A masking
the behavioral threshold. tone then is introduced and adjusted in level

until it abolishes the response to the probe. The
masking procedure is carried out over a range of

From the Callier Center for Communication Iisorders frequencies around the probe. Masked thresh-
I niversitv of Texas at Dallas. I)allas. Texas. Received May olds are lowest in the vicinity of the probe and
14. 1N82. Accepted for publication July 12. i182. then increase with frequency separation between
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Health (1-RoI-NS167 ). the National Institute of Occupa-
tional Safety and Ilealth (I-ROI-OI-o:i,4). and tile I .S. The same tone-on-tone masking paradigm has
Army Medical Research an( Development Command been employed in physiologic studies to obtain
(I)AMI 17.8o-C-(n:i. tuning curves for the compound action potential
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SALVI ET AL.

BSERs from humans and guinea pigs."'' These measurements are more difficult to obtain be-
physiologic TCs are qualitatively similar to those cause of the possibility of middle ear infections.
obtained psychophysically; however, it is dif- Furthermore, the time and effort required to
ficult to compare the results since many of collect the evoked-potential measures are con-
the stimulus conditions used to obtain the psy- siderably less than the time and effort involved
chophysical and physiologic data are differ- in obtaining similar behavioral measures. Thus,
ent. For example, most psychophysical studies if the evoked-potential tuning curves can be
employ tones with relatively long rise-fall times shown to approximate the behavioral tuning
in order to minimize spectral spread, " ''- '"  curves, one might consider substituting the
whereas physiologic studies use short-duration evoked response for the psychophysical method
signals with rapid rise-fall times to maximize when time and effort are important experimental
neural synchrony. 10.1

2
,
1

3 Comparing TCs from variables. The objective of this study was to mea-
animals can also be difficult because the sure the brainstem TCs of the chinchilla over a
psychophysical measurements are frequently broad range of probe tone frequencies. In order
performed under free-field conditions"0 while to compare the degrees of frequency specificity,
the physiologic data are generally collected with the physiologic and psychological TCs were
a closed acoustic system and with the middle ear collected under similar acoustic conditions;
space vented. '.12  however, the two sets of TCs were obtained from

Recently, Klein and Mills'3 used identical different animals because the behaviors required
stimulus conditions to collect both psycho- in the two procedures were mutually incompati-
physical and physiologic TCs (brainstem Wave ble (i.e., jumping in the behavioral paradigm
I and Wave V) from humans. Although the TCs versus remaining stationary during evoked-
were qualitatively similar there were some im- potential testing).
portant quantitative differences. For example, the
bandwidth of the TC 10 dB above the tip was METHOD

smallest for the Wave V TCs, followed by Wave I
and the psychophysical TCs. However, when the Subjects
TCs were compared at a fixed sound pressure
level (SPL), 76 dB, the psychophysical band- Four chinchillas were used in the psycho-
widths were smaller than the physiologic ones. physical experiment and another four were used
While the results of Klein and Mills' t show that in the physiologic study. The animals weighed
the BSER can provide a reasonable estimate of between 400 and 800 g. Each animal was an-
frequency selectivity, the results are limited to esthetized and made monaural by surgical de-
one probe frequency. Since the shape of struction of the left cochlea., The probe tone
psychophysical tuning curves systematically was presented 15 dB above either the evoked
changes with probe frequency,', " it is important response or the behavioral threshold; thus, the

to assess the full range of neural tuning, partic- absolute SPLs of the probe varied a small amount
ularly at low frequencies, where it is difficult to from animal to animal and were slightly higher
synchronize the onset response. In guinea pigs, (approximately 5 to 15 dB) for the evoked poten-
Mitchell and Fowler12 found a progressive tial than for the psychophysical conditions. It
broadening of the physiologic tuning curves is important to note that both psychophysical
with decreasing probe frequency. However, no and physiologic studies indicate that the shapes
behavioral measures were obtained, so it is un- of the tuning curves are not substantially altered
clear how well these physiologic tuning curves when the probe levels are varied over a 25- to
approximate the behavioral measures. 35-dB range above threshold."'"'" By present-

Psychophysical, AP, and single auditory nerve ing the probe tone near threshold one reduces
fiber tuning curves cf the chinchilla have been the effects of combination tones. Furthermore.
measured,',"", but TCs from the brainstem have the masker frequencies near the tip of the tuning
not yet been obtained. The dominant component curve were at least 20 Hz above or below the

of the brainstem potential in the chinchilla is a probe frequency to minimize the effects of beats.
large positive wave which arises primarily from
the inferior colliculus.' One practical reason for Behavioral Testing
measuring the brainstem TCs is that the poten-
tials can be easily and reliably recorded from Audiograms and psychophysical TCs were Volume 3

awake chinchillas over many months using obtained using a shock-avoidance conditioning Numer 6

chronically implanted electrodes2 ; similar AP paradigm and a modified method of limits (for November 1982
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" Figure 1. Psychophysical tun-
Uing curves obtained for one

animal. The value of Q,,, dB is
r 40 indicated below the tuning curve
- tip for each probe-tone fre-
Oquency. Open circles indicate

0 ~the probe tone level.
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details, see references 19-21). The chinchilla curves were obtained with the probe tone at a 15-
was placed in a restraining yoke which fixed the dB sensation level (SL). A continuous tone then
orientation of its head in the sound field, but was introduced at a low level so that the probe,
allowed a slight upward motion of the body so which was presented randomly, was clearly audi-
that the animal could register a response. A ble. The animal was trained to ignore the con-
stimulus trial consisted of a train of eight tone tinuous masking tone and to respond to the
bursts (20 ms duration between half-power probe.
points; 5 ms rise-fall time, 2 bursts/s). A re- The procedures for determining the level of
sponse during bursts 1 to 4 was registered as a the continuous tone necessary to mask the probe
"hit" and was followed by the presentation of a were similar to those used to estimate quiet thres-
safety light for 7.5 seconds. If the animal failed to hold, except that masker level was varied. A total
respond by the onset of the fifth tone, mild of at least 12 threshold crossings were used to
pulsed shock was delivered to the animal's tail, compute each point on the psychophysical TCs.
except at near-threshold intensities. A response

* to tone bursts 5 through 8 or no response was Evoked Response Testing
scored as a "miss."

Chronic electrodes were implanted in the vi-
Tone Threshold cinity of the inferior colliculus in four chinchil-

las using procedures outlined in a previous re-
Testing began at clearly audible levels. After port.2 The animals were tested using the same

each correct response, the signal was reduced in restraining yoke and acoustic equipment em-
]0-dB steps until a "miss" occurred; then the ployed in the behavioral experiments. The acous-
signal was increased in 10-dB steps until a "hit" tic signals were identical to those in the be-
occurred. At that point, the step size was re- havioral experiments except that the probe tone
duced to 5 dB3 and four additional threshold was presented at the rate of 10/s throughout
crossings were obtained. The data were accepted the averaging session. The electrical potential
as valid if the threshold crossings differed by 10 from the electrode was filtered (300 to 1,500 Hz),
dB or less. A total of 48 to 72 threshold crossings amplified (20,000 to 50,000 times) and led to a
were used to estimate the threshold of the 20-ms signal averager (Fabri-Tek 1070) with artifact-
probe tone. reject capability. The data were sampled at 25

kHz over 512 points to obtain a window of 20.48
American Psychophysical Tuning Curves ms. Normally, 512 samples were collected.
Journal Hwever, if a clear evoked response was present
of The procedures for obtaining psychophysical with fewer samples, the averaging was termi-
Otoloryngology TCs are similar to those outlined earlier.'! Tuning nated. No effort was made to measure the actual
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Figure 2. Examples of evoked re-
sponses from one chinchilla. The top
trace represents the acoustic output of 58

the speaker. The second trace is the
evoked response to the 1-kHz probe
tone at a level of 15 dB above the
animal's threshold. Successive traces
represent the evoked responses to the
1-kHz probe with a simultaneous 1.7- 68
kHz masker increasing in intensity.
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EVOKED-POTENTIAL TUNING CURVES
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Figure 4, A -F (above and facing page). Comparison of average psychophysical and evoked-response tuning curves. Filled
circles and filled squares are the average psychophysical and average physiologic tuning curves presented in dB SPL. The
psychophysical (solid line) and physiologic (dashed lines) tuning curves have been normalized to 0 d13 at their tips.

amplitude of the evoked response waveforms, sequently increased in 10-dB steps until the
since only the transition from the presence to the evoked response was nearly obliterated; then the
absence of the evoked response was used to step size was reduced to 5 dB and additional
make a judgement regarding the absolute and samples were collected. Masked threshold was
masked thresholds. the intensity midway between the lowest inten-

sity where the response was present and the
Physiologic Threshold highest intensity where the response was absent.

Masking was employed at frequencies above and
Thresholds were determined with a 20-ms below the probe tone in order to obtain a TC that

probe tone with random starting phase and 5 ms could be compared with the psychophysical
rise-fall times. Testing began at an intensity data.
that produced a clear and unambiguous re-
sponse. Then the signal level was reduced in RESULTS
10-dB steps until the response was slightly
above the background noise. At this point, the Individual Psychophysical
intensity step was reduced to 5 dB and addi- Tuning Curves
tional samples were collected. Threshold was
the point midway between the highest intensity Figure 1 shows six psychophysical TCs ob-
where the response was absent and the lowest tained from one chinchilla at six probe frequen-
intensity where the response was present. cies from 0.5 to 11.2 kHz. At probe frequencies

above 2 kHz. the psychophysical TCs tend to be
Physiologic Tuning Curves asymmetrically shaped on a log-frequency plot,

while those below 2 kHz are nearly symmetrical.
Immediately following the determination of a In general, the psychophysical TCs are charac-

threshold, a tuning curve was collected for that terized by a low masked-threshold region near
frequency. The probe tone was presented at a the probe sandwiched between a steep high-
level 15 dB above the evoked-potential thresh- frequency slope and a somewhat shallower

Jrian old. A conlinuous masker then was introduced low-frequency slope. The "tail" segment of
Journal

of at a level low enough so that a clear evoked po- high-frequency psychophysical TCs refers to the
tential was obtained. Masker level was sub- region where the low-frequency slope hecomesOtolaryngology
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extremely shallow, usually 1-2 octaves below A popular and useful measure of quantita-
the probe. The transition to the tail segment can tively assessing the frequency selectivity of
be easily identified in the 11.2-kHz psychophys- tuning curves is to compute the Q(, dB value.

ical TC because of the high threshold notch at defined as the center frequency of' the tuning
9 kHz that separates the tip from the tail seg- curve divided by the bandwidth 10 dB above the Vlm
ment. The transition to the tail segment occurs minimum threshold. G;enerally, (Q,,, dB1 vaIlues N me

60 60 Nu60e606

much more gradually at lower probe frequencies. increase with probe frequLency. A similar trend Noe br1 2

Ia

Noeme !9
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EVOKED-POTENTIAL TUNING CURVES

12 at 17 ms. Traces 3 through 7 illustrate how the
0 evoked response is affected by a 1.7-kHz masker.

As the masker intensity is increased, amplitude
10 decreases and latency increases. There is a rem-

nant of the positive wave with a masker of 68 dB
SPL; however the evoked potential is com-

8 pletely obliterated at 78 dB SPL. Response
waveforms similar to those were obtained at
other frequency-intensity combinations of the
probe and masker; the waveform closely resem-

o - bles those obtained from microelectrodes in the
OC inferior colliculus.'

Shown in Figure 3 are the six evoked-potential
4- TCs from a single chinchilla. The evoked-

0 jpotential TCs are remarkably similar to those
obtained behaviorally. While the overall simi-
larity is encouraging, a much more comprehen-

2 - sive assessment can be made by comparing the
average behavioral TC and the average evoked-
potential TC at each probe frequency.

0 -

''''" , ,, , Psychophysicalversus
Evoked-potential Tuning Curves

1.0 10.0
The intersubject variability was quite small,

FREQUENCY (kHz) generally less than 8 dB, so that it is reasonable

Figure 5. Values of Q,, dB for psychophysical (solid circles) to average the tuning curves from each condi-
and evoked-response (open circles) tuning curves. The solid tion. The average evoked-potential and the aver-
line represents Q,n dB values for single auditory nerve fibers, age psychophysical tuning curves are shown in
from Salvi et al.'" Figure 4. In order to aid the comparison further,

the tuning curves were normalized at their tips
to compensate for differences in sensitivity and

occurs in Figure 1, where the Q,0 dB values then plotted in the lower portion of each panel.
range from 1.4 at a probe frequency of 0.5 kHz to When the data are normalized, four of the six
6.1 at a probe frequency of 8.0 kHz. pairs of tuning curves (0.5, 1, 4, and 11.2 kHz)

The psychophysical TCs shown in Figure 1 are are essentially the same. The bandwidths are
representative of the four animals and are similar similar for the curves at 2 kHz, except that the
to psychophysical TCs reported in an earlier evoked-potential TC has a steeper high-frequency
study.' 9 However, the psychophysical TCs of our skirt, while the psychophysical TC has a steeper
chinchillas did not appear to be quite as sharply low-frequency skirt. The 8-kHz evoked-potential
tuned as those reported by McGee et al.' 4  TC is broader than the psychophysical TC; this

difference is somewhat difficult to explain given
Individual Evoked-potential the fact that the 4-kHz and 11.2-kHz evoked-
Tuning Curves potential TCs are essentially the same as their

psychophysical counterparts.
Before presenting the evoked-potential tuning A standard metric for comparing TCs is the Q,,-

curve data, it is important to identify the dB value. Figure 5 shows the individual Qj, dB
evoked-response waveforms obtained with the values plotted as a function of the center fre-
tone-on-tone masking paradigm. The top trace in quency of the probe for both the evoked-
Figure 2 shows the voltage-time waveform of potential and the psychophysical measures. The
the acoustic signal, while the second trace repre- median Q, dB values for single auditory nerve
sents the evoked potential obtained with a 1-kHz fibers in the chinchilla also are presented to aid

American tone pip at 15 dB above the evoked-response the analysis."' It should be noted that the acous-

Journal threshold. In the absence of the masker, the re- tic conditions for the single-unit data are differ-

of sponse consists of a large positive wave at ap- ent from those in thu present experiment; how-

Otoloryngology proximately 11 ms, followed by a negative wave ever, this should not significantly influence the
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comparison, since the Q,, dB values are corn- compare the Q,,, dB values at different levels of
puted over a relatively narrow range of frequen- the auditory pathway with the psychophysical
cies. The Q, 0 dB values are in good agreement up data. Figure 5 shows that the median Q, dB val-
to 4 kHz, and still show considerable overlap at ues of single auditory nerve fibers in the chin-
higher frequencies. At 8 kHz, the Q,0 dB values chilla corespond closely to the Q10 dB values of
obtained with the evoked response tend to be the evoked potential that arises in the inf-rior
somewhat smaller than the psychophysical data. colliculus. Thus, one might argue that the
Conversely, the evoked-potential Q10 dB values brainstem nuclei do not substantially alter the
tend to be larger than those obtained psychophys- tuning properties established at the cochlea, but
ically at 11.2 kHz. Note that the median Q,, dB this interpretation should be made with caution.
values of single auditory nerve fibers (solid line) given that the acoustic conditions and testing
provide a reasonably good fit to the psychophysi- procedures for the two conditions are somewhat
cal and evoked-response data. different. However, at a more central level, one

finds that the evoked-potential Q1 ) dB values
DISCUSSION show considerable overlap with the psychophys-

ical data, implying that little or no sharpening
Since masked thresholds increase rapidly with takes place beyond the colliculus. Recall that the

increasing separation between probe and acoustic conditions for this comparison are
masker, it seems reasonable to conclude that the nearly identical. Thus, the present data provide
evoked potential elicited by the probe tone syn- support for the view that tuning originates
chronizes the response of a limited number of primarily at the auditory periphery.
single units with best frequencies in the vicinity Acknowledgments. The authors thank Patricia
of the probe. Furthermore, the response appears L. Robinson and Harley Willet for technical assistance
to contain considerable frequency-specific in- and G. and D. Clemmer, J. and 0. Mooneyham, E. and
formation. K. Rockwood and N. and M. Sifford for their generous

The present results also indicate that the support.

evoked-potential TCs provide a reasonable ap-
proximation of the psychophysical TCs in the References
normal-hearing chinchilla over a broad range of
probe frequencies; the only difference between 1. Rothenberg S. Davis H: Auditory evoked response in

chinchilla: application to animal audiometry. Percepthe two is a 5-15-dB difference in sensitivity. Psychophys 2:443-447, 1967

The evoked-potential TCs can be obtained easily 2. Henderson 1). Hamernik RP. Woodford C. et al: Evoked

in a matter of a few weeks from awake chinchil- response audibility curve of the chinchilla. I Acoust
Soc Am 54:1099-1101, 1973

las using the procedures outlined above, but t. Mitchell C. Clemis JD: Audiograms derived from the
months of training and testing are needed to ob- brainstem response. Laryngoscope 87:2016-2022.
tain the psychophysical TCs. Consequently, 1977

4. Klein AJ. Teas DC: Acoustically dependent latency shifts
when time and effort are critical experimental of BSER (Wave V) in man. I Acoust Soc Am
factors, it would be advantageous to use the 63:1887-1895. 1978
evoked-potential TC as an estimate of tuning in 5. von Bekesy G: Experiments in Hearing. New York.Mc(;raw-Hill. 196-0.
normal chinchillas. While the evoked-potential 6. Don M, Eggermont JI: Analysis of the click evoked
TC appears to offer a promising technique for brainstem potentials in man using the high pass noise
assessing frequency selectivity, its application to masking. I Acoust Soc Am 63:1084-1092. 1978

7. Terkildsen K. Osterhammel P., Iuis in't Veld F: Far fieldhearing-impaired subjects needs to be explored electrocochleography: frequency specificity of the re-
more fully before its use is justified completely. sponse. Scand Audiol 4:167 -172, 1975

One important issue in hearing concerns the 8. Chistovich LA: Frequency characteristics of masking ef-
fect. Biofizika 2:749-755, 1957

origin(s) of tuning within the auditory pathway, 9. Eggermont JJ: Compound action potential tuning (:urves
i.e., which structures or processes set the limits in normal and pathological human ears. J Acoust Soc
of frequency selectivity of the final detector rep- Am 62:1247-1251, 1977

by the psychophysical 10. l)allos I'. Cheatham MA: Comlpound action potentialresented TC. There is tuning (:urves. I Acoust Soc Am 5:5!I 57. 1976
some evidence to suggest that tuning is primar- H1. Ilarris M: Action potential suppression, tuning (:urvs
ily set at the level of the cochlea and that no and thresholds: comparison with single filhr data.

Ilearing Res 1:1:3 - 154, 1979further sharpening takes place centrally.22.2A 12. Mitchell C. Fowler C: Tuning curves of cochlear and
Other data. however, suggest that the central au- hrainstem responses of the guinea pig. I Acoi)st Sm
ditory pathway may provide additional fre- Am 68:896 wo. mm03
quency selectivity beyond that seen at the €och- 1:3. Klein Al. Mills Ill: I'hvsiologi(al (waves I and V ind Volume 3e e yt ni)svchophysical tuning (urv'es in humou sulri(1ts. I Number 6
lea." 2, Ore way of evaluating this issue is to Acoust Soc Ami (6:760) 76H(. 1 November 1982

415



--. -t.e - Z - .- L. , .. . -_ -1 - - . - - , --- - -

E\'OKEI)-POTENTIAI. TI INING C RVES

14. McGee T. Ryan A, Dallos P: Psychophysical tuning 20t. Blakeslee EA. Hyson K. Hamernik RP, et al: Asymptotic
curves of chinchillas. J Acoust Soc Am 60:1146-1150. threshold shift in chinchillas exposed to impulse %
1976 noise. J Acoust Soc Am 6":876-882. 1978

15. Small AM: Pure tone masking. j Acoust Soc Am 21. Salvi R. Ilamernik RP. Henderson D: Discharge patterns
31:1619-1625, 1959 in the cochlear nucleus of the chinchilla following

16. Vogten LLM: Pure tone masking: a new result from a noise induced asymptotic threshold shift. Exp Brain
new method. in: Zwicker E. Terhardt E (eds.): Facts Res 32:301-320, 1978
and Models in Hearing. New York, Springer, 1974. pp 22. Moller AR: Coding of sounds in lower levels of the au-
142-155 ditory system. Q Rev Biophys 5:59-155. 1972

17. Wightman FL. McGee T, Kramer M: Factors influencing 2:1. Pickles JO: Psychophysical frequency resolution in the
frequency selectivity in normal and hearing impaired cat as determined by simultaneous masking and its
listeners, in: Evans EF, Wilson IP (eds.): Psycho- relation to auditory nerve resolution. I Acoust Soc Am
physics and Physiology of Hearing. London, Academic 66:1725- 1732. 1979
Press, 1977. pp 295-306 24. Dallos P. Harris ): Properties of auditory nerve re-

18. Zwicker E: On a psychoacoustic equivalent of tuning sponses in the absence of outer hair cells. I
curves, in: Zwicker E. Terhandt E (eds.): Facts and Neurophvsiol 41:365- 183. 1978
Models in Hearing. New York, Springer, 1974. pp 25. l)allos P. Ryan A. Harris [), et al: Cochlear frequency
132-141 selectivity in the presence of hair cell damage, in:

19. Salvi R, Perry J. Hamernik RP, et al: Relationships be- Evans EF. Wilson JP (eds.): Psychophysics and "
tween cochlear pathologies and auditory nerve and Physiology of Hearing. London, Academic Press.
behavioral responses following acoustic trauma. in: 1977. pp 249-261
Hamernik RP, Henderson D. Salvi RI (eds.): New 26. Pi(ckles JO: Role of centrifugal pathways to cochlear nu-
Perspectives on Noise-induced [tearing L.oss. New cleus in determination of critical bandwidth. j
York. Raven Press. 1982. pp 165-188 Neurophysiol 39:344-400. 1976

.4.

.1

g.

American

Journal

of

Otoloryngology

416 

~ ~ * 9.(~~VVS~%, :--:



., Scan ring electror, microscopic stidy of imrkilse noise - induced nicliiii>- ]
dama Ie j.rn the cochlea R.F. Hamernik, G. Turrer tine , R. Salvi, i
Henderson, (C1l.ier Center, Universitu of Te'. s, 1.966 Inwoord Red, DDa] I s,
Tex.-s 75.235), 1i. Roberto (Cattedra Di Bioacustica Uri versita di B' .-ri,

Binaurgl chinichi 1 1,3<s were ex>Psed a t normal i nci dernce to 1.60 dD Pe k.

SPL iuirpulse aoise at the rate of 2? impiilses Per minute for 50 minutes.
Anims31 were sacrificed at Post-e-pOSlie times vairin 4 from t = 0 throug.h
30 d's , The coLhl$s were Prepared for SEM observation using a standard
protocol, Tm:iedi, to.,< followiriN expos re, a Iar e ( 6 Mm) area
of the or,.r, of Corti was separated from its attachments to the bsilar
membrane 3.orA4 a fracture line that follows the outer Pillar cells, The
sep-arated portiorn of tih or!Aan of Corti is left floatin!-, in the scala media
with Zo t ends at t -_.ched to vizable Portions of the remainir_ sensors
epitheli..i. SurF.risi:,4 in the denuded areas of the basilar membrane, the
inner hi. r cell surfaco structure rema:ins com-arativel. normal during the
early ..!3 -t-ei.ou 'e times while outer hair cells in the reqion bordering
the mIr,I lesion show considereble chan.es in cilia structure and in the
a .pear:r3fe of the -e icI.lar lamina - cuticular Plate comple'.. Scar
formation er the Thborpoion/Phayocytosi. of the free-floating Portions of
the orri'r, ,i.:f Cort i wi I.I be described, as well as the differing
s-:EscePti' i i tie , of 1 inner and outer hair cell cilia to morphol].oical

*cha>ni.e

[Work su.--rted b- U, S. Airmv Med R & D Command, DAMlI 17-80-C--01333

Technica. Cumrii 'te . ps2cholog. i!al and F'hYsioIoaic aI
Ac ust i -.... . ' c N .-.1 3 i c :u 1
SubJect C!: s-ifiv.tio, Number: 43:66 Ed., 43,63 Rf
Treleh ho ,. e .r (214) 793-3062
A Srrid accez t.nce c: rejection notice to R.P. Hamernik

5<: .



- -.7 % - 7 ' .- -_ .-. ._ .a

-HE EFFECT 0F Joi-fsTrXSL fiA'JL NUISH Q V.dH "3CUuAl

SiSTEMX 0? .Cli CdIINdilLLAX CJCdiLHA

flUNA'I>G i:A:EL'?dCi 0F JO'L0jSk Oil VASCWULJRiS

LYNNh CA±i'Ll31,1 SilADDOCi( (1) RlOGER P. HAMERzNlK (1) ALF' AXELSSON (2)

* (1) C&A.Ji ZR FY11OR COtLNiCATIiN DISRDERS, MdE UNIVERSITY OF TEXAS

Al DALLAS, - lN400D il.OA', DALLAS, TedXAS 75235

(2) DE? %i DA; TS OF OfOLAiGOL0GY AND AUDIOLOGY, UNiVdiI OF

* GOTHEABORG, 3AR'. O.' 'J -1413 415, GOfdENBURG, SWEDENW

This resc:rnwa2 artially supported by the U.S. Army Mecdi-cal Research

*and Develoc :i3nt. Com-.inJ DAM4D)7-80-C-0133, The Departmzcnt of fiealth

Education an~l Welfare, National Institute for Occupational Safety and

Health grant no. 1-ROI-Or1-00361 and The S,4edish Work Environiient Fund

8 1-0792.

Send reprini; reque:3ts to:

Lynn Carlisle 0"dd1lk

Calliler Gent,,r for, Comn'un Lcation Disorders

1960' Inwood Rol7d

Dalla3, rexas 752.315

(ac)214-783-3062

(Correspond- nce andl proors to M.3. 3hadlu-k)



2

PBSiRACT

Forty-five days after inpu13e notse exposure of either 155 or 160 dB

peak SPL, changes in the vasculature of the cochlea were quantitatively

assessed. T.:e condition o, the vessels in the lateral wall and spiral

lamina of each cochlea was evaluated in terms of 20 morphological

parameters. -ultivariate ;-,atistical analysis identified the parameters

that were s!g:nificantiy affected by the noise exposure. Al, evaluation of

these significant parani-ter3 indicates a net reduction in blood flow to the

cochlea. All of the r,,..ze-exposed cochleas showed vascular changes when

compared to controls. nJ tre magnitude of these changes was related to the

amount of hair aei bs., frie vascular changes are presamed to be of a

permanent n a:re.

key words: impuL.s-e noise, cochlear vasculature, inner and outer hair.

cells
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-gis of noiie can adverocly affect th3 normal functioning of the

cochlea and result in sLnitieIant h_ aring lo3s. Structural aLterations of

the cochlea due to nose exposure include ;unsory celL da;:iage (1,2) a3 well

a3 changes in the raorpolouy of vascular elements in the external wall and

the spira ..nina (3). Vasnuiar cnanges are thought to be related to

altered metbolismi due to intense stiiulation of the inner ear.

Aiteration. Ln the, cocihleurz vascular structure resulting from noise

exposure hav- been reported by many authors, and a comprehensive review of

this topic >: recently been published (4). Perusal of the literature

shows that results of .-.~n; of the early vascular studies are either

contradictory or difficult t. interpret. Nevertheless, there is a general

consensus t ,03 nose a es aFfect the function and morphology of the

cohIlear va.yeuiature, bt to date there i3 little agreement on precisely

how. Sine : -st stuio: have relied on qualitative assessment, there is a

need for a juantita.Lve approach to the analysis of the cochlear

* vasculature. A recently developed surface technique provides one means for

a quantitative asses; .it of the vascular system of the cochlea (5,6,7).

This method utilizes a rat Ln_ scheme for evaluation of a variety of

parameters describinr aorphology of the vessels of the external wail and

spiral lamina. This Jehod was used in the present study to determine the

long-term effects of a high intensity impulse noise exposure on the

vasculature of the chlnchiLla cochlea. impuLse noice was chosen as the

traumatizing agent in order to cause serLous mechanical and metabolic

change3 in the cochlea, thereby creatig an environment in which vascular

changes were likely to occur.

,,-. + ,. ,,,,.,., 't.p .. .- ' e',. ,, -, -. . -e ;, ,. .',, . . . . ,, .,, - **+,, +. - .. + + . . . , . - .- * -.. ... ,- ,++ - . .
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Method:

Subjects: Thirty binaural aduLt chinchillas were used. Of these, 5

animals served as controls, 13 were exposed to 155 d3 i:.ipulse noise and 12

were exposed to 160 dB impulse noise.

Noise e::; D5ure: fh- ipa!Ise w.ere generated by a modified shock tube

(compressed a-r-driven source) coupled to an exponential horn. The impulse

waveform w, 3 that of a typ:cLi blast wave (Friedlander wave) having a.1.5

msec initiai over-pressure. The impulses were generated in seai-anechoic

surroundi..'j , minimize reflections. The pressure-time trace as weli as

frequency 5;ectrum of the iypulse are published elsewhere (8). The

impulses w-.-e presentedI at. a rate of 1 impulse per minute for fifty

minutes, at >-ensitie of !55 or 160 d3 peak equivalent SPL (re 20 x 10- 6

Pa) to chinrhilas wb.-,e )1?:tds were fixed so that the wave passed at a

grazing anrZie nf incic-ice, i.e., the long axis of the external meatus was

parallel to tr;e alvaneing wAvefront.

Histology: Forty-five days after the noise exposure, all of the

animals were deoapitated without anesthetic using a guillotine. The

temporal bones were reomoved and the cochleas were immediately fixed

following one of two different protocols. Five cochleas from each

noise-expose,-! group dere processed according to standard surface

preparation methods. Tnis consisted of perilymphatic perfusion with 2.5%

glutaraidehyde in Pipes (Piperazine N,N'-bis 12-ethane Sulfonic Acid) )

buffer (pH 7.3), post-fixation with 1% OsO4 in Pipes buffer, dehydration to

70% ethyl alcohoL, mLcrodissection of half turns of organ of Corti and

spiral ligament, and mounting of the specimens in glycerol on glass slides

for light microscopic evaluation. The remaining 50 cochleas were processid

according to the "soft surface" technique (5,6,7). These cochle: s were
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perfused with 2.0% glutaraidenyde in sodium cacodylate buffer (pd 7.4) and

decalcified in 8% EDfA for a period of 7 days. After dccalcification a

mid-modiolar cut was aade in each cochlea along the long axis and both

halves werc stained with 0.5% 0s04, dehydrated and microdi3sected.

Dissected specnLiens of the latzral wall and organ of Corti were mounted in

glycerol on glass slides and evaluated by phase contrast microscopy.

Analys:. Evaluation of the hair cell damage and of the vascular

changes was performed by t~o different observers, and each was blind as to

group meme-.hio of the cochlea and to the other observer's results.

Cochleogra,-.3 Afrom the tountrui group and the two exposure groups were

categorized according to the type of lesion that was found. The four

categories w,* ,:

a) nor-%.: cocnhlds with 2,4 or less outer hair cell (OdC) loss and less

than 1% inne hair celi (ItIC) loss were considered normal.

b) low-:vei scattered loss: a diffuse loss throughout the cochlea

ranging from 3% to 17,4 los of OHC and from 00 to 8% IHC loss. Most

cochleas in this catg,-orv showed 3% to 10% OHC loss and less than 1% IHC

loss. Punctato lesions with the same percentage hair ceti loss were also

included in this category.

c) mid-cochleaV foai Lsiorn: cochleas with 100% loss of OEIC in the 1

kHz to 5 kHz region of he cochlea and up to 10% iHC loss in same area.

d) severe: cochleas 4ith a lesion beginning around the 1 kHz region and

extending basalward with 100* loss of OdC and up to 20% loss of IdC in the

same area.

Typical cochleograms from both experimental groups which define each

category are shown in figures 1 - 4.

.1 . % " - ' . " . % , - " . " - % - ' . ,o' ' . ' , " , '. . . '. . " .. " . " . " : 2 ..



The vascular anatoiny was evraluated in 49 of the 60 coclilca3. VascuLac

data weve not. culie..t1--d for flve cochleas in cach of the noise-expostd

groups, an-! one cochLea wa~s lost during proces.,ing. A subjective

evajiuatLon of the 20 paraiaetcics d.-3cribed in Table 1 was made for the

regui-.kly oc~rzgvessels in each half turn of each coc'!liea. The vessels

ioucit d in t -h lateral wall Lhat were evaluated are illustrated in figure

5. They ai-& -AdiatiLn ct- io (1RAL) and the ves3el at the vestibular

membrane (VJ)in scala vesti. uli, the stilal vessels (SVS) and the Vessel

of the spita promnn112e (VSJ.,P) in scala media and co~lecting venulcs (CVL)

in scala ty---n i. Tri ve33ei of' the tymnpanic lip (VSfL) in the spiral

lamina was -.15o evaiuat#-d.

A con ~-sit~ statistical analysis was performed on the data

collected. Testatis-,].is consisted of a ztepwise discriminant analysis

procedurj U". WhIcti 4- 11sed to identify the paramzcters that differentiated

between thc . rtr-.:'s ani thi, t.4o cxperlii,,ntal groups. Thsstatistical

test is a mulrivar~iaft etcch~ that identifies variabic3 that differ

according to -roup Nubrsi. h resutL2 of' the analysi-i COn:3Ljt of a

hierarchical iisting of~ rhe petra:meters3 th~t arc sigrnifLe.-InL (p < 0.05)

predictuors of gr'oup 'Meaesti. h analysis as p':'oormt.iA t.49>, ,; f '

the obs-irvations for .nac~h ve.-ssl wre co;-ipair-d t,, id~;~yv A

differences; jecond, ob3servation3 for eAch Lia.t turn or '.;I'Ato

identify location dif'Corenc -s. In addition, iaediai viiJJJ oi' .

computed for each pArampter in each vesse;,L :ind~ in ea %i Omilltur UM- r' alL

cochlea3 in the control group.
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Results:

Figure 6 shows the percentage of cochleas from the control group and

the two impulse noise exposure g-roups that were classified into each of the

four damage categories described in the methods section. Eighty percent of

ttie controL :-oup cochleas were classified normal and the reraaining 20'

showed low Ievel scattered hair cell ioss. Fifteen percent of the cochleas

from the 1535 dB group and 2E'R from the 160 dB group were classified normal.

A higher pe"rcentage of ,hleorans showed low-level scattered loss in the

160 dB grotzp (43%) than in tne 155 dB group (35%). Mid-cochlear focal

lesions were Dsoerved 1:more often in the 155 dB group (46%) than in the 160

dB group (1[7). while the percentage of cochleograms considered severely

damaged was -elatively low in both the 155 dB group (4%) and the 160 dB

group (9%).

Median, range anr histograms for the vascular variables were computed

for the control group. Tnre was a high degree of uniformity in the

vasculature of the conlrol cochleas. The experimental group results were

then analyzed in relatLon to the control group. A stcpwise discriminant

analysis was nomputed for each vessel, regardless of turn, in order to

identtfy those parat euc3r3 that changed significantly as a result of noise

exposure. Table 2 presents a listing of these parameters and also shows in

which vesseil each pa:-ametor a.3 changed as well as the direction of change

reLativ3 to the control group. Of the 20 parameters, 9 were found to be

signLticantly changed by tne noitse exposure. In all cases with the

exceptLon of white blood cells (W3Cs) in the strial vessels, there was no

dLfference between tne two noise-exposed groups. In tne case of WBCs,
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there was an increase in thm decree of change in the 1GO d3 group over the

155 d3 group. In the second phase of the analysis, the stepwise

discriminant analysis procedure was repeated; this time each half turn waas

evaluated wil'h all vessels combined in order to identify location

differences. The results are presented in taoLe 3. No difference between

the three groups was found in the two apicaL half-turns (T3.0 and T2.5).

However, c1-'n';e.s were seen 1'rom the upper middle turn (T2.0) through t i,

basal end of the cochlea.

A "vasc a.,ram" was tr.nrated for each cochlea to graphically represent

the vascular zanes seen in that particular cochlea. For each half turn,

values for thie parameters identified by the discriminant analysis procedure

were compare 2. to tL-e neditan value from the control group for that

parameter. 'The abs'Lute valu e of the difference in rating between the

experimental cochleas h -. the median value for that parameter from the

control groua was c-xnputed and a histogram was drawn which reflected

parameters changed in each half turn and the magnitude of change for each

parameter. These res-.lts were compared to the cochleogram for that

cochlea. Typical vasc: ograms are shown in figures 1 -4.

Discussion:

The possibility that mehod of sacrifice may be an iportant factor

when studying the microvasculature has been raised. Santi and Duvall (10)

found that the effect of bumetanide treatment on the str'ial capillaries was

related to method of sacrifLce. However, no evidence is available that any

particular method of sacrifice or fixation is superior to otheri for the

evaluatLon of vascular morphology. Both the control and the noise-exposed

animals in this study were sacrificed in an identical m inner; therefore it

I
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was assum -nA t.hat any artifact ajsociated with method of sucrifice would not

affect the statistical analysis of tne data.

In terms of hair cell Lons, tUie 153 d3 group cont- .ined a higher

percentage of badly dcLased coachleas than tha 160 d3 group (see figure 6),

and statL3tL-L tes3t-s (t test, p < 0.05) revealed a significant increase in

OHC loss in Lhe 155 d3 group. 'These results agree with our previous study

(11) in wh-..Lc . 155 dB peak SPL exposures proved to be more hazardous to the

hair cell copulation than higher inten3Lty exposures. Whereas some aspects

of the mec: l underlyi;ig this pheno:aenon remain obscure, failure of the

conduc(i;ve .:':-anism a; higher intensities has been proposed (11), and

recent eio:ce from our laboratory confirm3 that 160 dB poak SPL impulse

noise caus r'upture cf the tyxpanic membrane approximately 50% of the tiLe

in the chln ffila.

All of t-x 'sei e:amined except the strial vessels showed a decrease

in plasma zpze aet,',r the eIBCs and the vessel wall. This could be

interpreted as the r 'Lt of vessel constriction, of corpuscular rather

than laminar blood t'L-:. or of a higher hcatocrit. Since lumen

irregularities and decreased coLumns of 3GCs were found in 3 of the 6

vessels, vessel constr'ction Is the most likely explanation for the

de.crease in plasma spuc-e. Constrictions and irregularities of the vessel

lumen appear to be due to an increased activity of perivascular cells in

two of the vessels, tihe vessel at the vestibular membrane and the

collecting venules. Collectively these changes imply a net reduction in

blood flow following noise.

*. P .. P"



* 10

The 3trial vessels showed chaiiot-3 thlat were quite diffcreat than the

other vesseis examined (see tabie 2). Tne only fiilding auggest n' an

infiuencr on stria vascuLai'is capiitarie3 wa3 a decrease in iBC columns.

The i-ncreas- in WBCs my related to th,, fac", that damage due to the noise

extozurt- u.-j not be fully resoLved at the time of sacrifice. Increased

WBCs may i:-Ieate the: presence of an inflamnatory reaction in the stria

vascularis. This may also c:Plaln the decreased occurrence of 'gaps' below

the tight c,-- junctions of Lhe marginal cells which coulJ be caused by

swelling of the strial neiLs.

The vasnculgra.ns reveald a tendency for vascular change3: to be

distributed .roughout She ! rngth of the cochlea, with an inurcase in the

degree of in l and basal turns where the hair cell damage

wa3 greatest. Wirqu: s - shod vasculograns from cochleas representing

each of the r cor Co ,: 4 in categories. These figures suggest a tendency

for vascular change .o increa;e as degree of hair cell los3 increases.

However, statisticat .-- it-tysis of the vascular data using cochlcogram

category as the groupi-ng vaziabLe identified no significant difference

between group3 on the basis of pattern or amount of hair ceLl loos. These

results indicate th'ait s.parate physLoLogical mechanisms may have been

responsibLe for the vaiicular changes and the hair cell damage.

Since most other studies of the cochlear vasculature were not

quantitative, it is dLfficult to compare results directly. However,

certain comparison- can be mad.. Changes in density of H3C3 have been

frequently reported following noise exposure (3,4, 12-17). [ri our study,

several parameters rlated to B3C density such as a cjecrens3e in colu:rns of

.

d. . , . ,'S' " , % , ' '' . '" " - - - " " " - . . • - - " ' '' - - • - - - " . " ' - ' .



R23Cs, an inr<tase in varia'i[lity in d..uisLt.y of r3Cs and . duc'rease in

plasna spc.-- between .BC ar ievel wall are signs that RxC flow WUjS

affected by noise. Other lnv-'tigators have noted changcs in vesJeL

dia.eter following noise e:asur (3,12,13,16). Several paraTeters

refLiecting 7ect3 of vesel luaen, such as lumn I irregularity,

perivascular cells coiipresLng the lumen and plasma space between RBC and

vessel wali were altered i- the present study. Cnanges in the cellular

structure of the stria vEIL,'1aEis following noise exposure is another

obse'vatio, -at has b,,,-- a-,de in the literature (3,12,16). This study

identified - .....er.. ;' Lca:n.EOers that were influenced by noise. We

observed an increase in p~;mont granules and pigment clump3 in the cells of

tue stria vF.-tlaris a .- ,ell as a decrease in 'gaps' below the tight cell

juncutions of the m-cr..L eels after noise.

Chan-es in ;cxe mc- In(i cLgy of the vascular systcm after noise exposure
Amoi ths .... alee eti•o

may be caus,2 by a va'iey of factors. Among these are altered ret tbotic

demands of the organ of Corti, altered endolymph composition due to mixing

with perilymph as a r:::suit of mechanical damnage or a combination of the tuo

processes (18). The h intensity of both impulse noLse levels used in

this study can cause -!xtr,,ne nechanical darnige to the organ of Corti

l i o ig .. ph and perilymph. Figire 7 sho'ws the outer

hair cells and supporting celis torn aiay from the basilar inembrane in one

severely damaged cochlea that was expo3ed to 160 dB peak SPI, impul1se noise.

The vascular damage seen in such cochleas could be the result of a general

poisoning of the vasculature caused by the inevitable mixing of perilymph

and endolymph foLlowing rupture of the organ of Corti as iflustrated in

figure 7. It was soinewhat :,3rprisng that severe strial degeneration ws

not seen in any of the mosit ,.verely dang;ed cochleas in thin study.

r; . ' " ,. ". ,, - - ,. ,, .- , . -. ' "..: -- W ."-. t ""% "' '" '- '- " ", ""'
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tio.;- ver, S,.bstanit 'ii vjtc.ul 3r ~r.~* 3 inl tfl').3e f.I-p~

ec.hleas eatc2gor'ized Inorzialit int:i of hair c-iI l.oss. 'r,,e pol-.:oning

hy~t~i~ . nt'bj-ui to expLain tha~f.ndn-.s it !.r-5 bj mooe

reasonable to inte.,pot thes.-; chai-2s as3 econddry to over;;heimuing

metabolic fatigue causeJ by thc: ene"671 doands of the senisory cell11s during;

and folowin'r~ the exposure3 period.

The nr-3: z-t method of data collcotion and analysis provid.S an

increased :iwaaitivity of ana -y-is and an opportunity for Standatrdization in

* an area of --ar ear re~ieao-h thAt has suffered from a lack of consistency

in rethodo4-1.y arnd of quanL.'-Lcation in the past. If future studies can

relate chan.:!cs in vas.c-!uaI' paraleters as identified by this method to

alteration Ai cochie-i- i'unc'Uiom, this mothod may provide aworthwnilc0

* analytical ! o for e-i-t~uition of inner ear pathology.
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TABLE 1: VASCULAR PARAMETERS

Red Blood Corpuscles (RBCs)

DENS: density; frequency and spacing of RBCs in vessel lumen

COL: columns; number of rows of RBCs in vessel lumen

AGGREG: iggregations and plasma gaps; collections of RBCs and interspaced

sections with plasma but without RBCs

ORIENT: orientation; manner and plane of RBCs in vessel lumen

VAR: variability; in density of RBCs

PLAS: plasma space; between RBC and vessel wall

Vessel Lumen

LM IRRG: luman irreguhrity; local narrowing and widening of vessel lumen

PV LUM: perivasc' J:!r cell compressing lumen; occurrence of narrow vessel

1umen cou.ezd by endothelial cell nuclei and/or pericytes

DIAM: den di,'"1:ter; width of vessel lunien

PVS: perivasc: >3r spaces; spaces surrounding vessel lumen

Stria Vascularis

GRAN: granules; piqment formed of fine granulations

PIGM: pigment ci.mps; clusters or collections of granules

VAC: vacuoles in strial surface structure

GAPS: 'gaps' between cells; spaces occurring between strial marginal

cells helow the tight cell junctions

Additional Vascular Parameters

AVC: avascular channels

WBC: white blood cells

EMB: emboli in vessel; hound, clear spaces within vessel lumen

DEP: deposits; osmiophilic materials surrounding vessels

MEL: melanocytes

Sf11: precapillary sphincter; narrowing of vessel by nurivasctilar

elements



LL-J

Cll)
(IU)

D-r

ClC9

A7l



U) 17-

z 0 .:

:-5 W
Su U-

S LI. ~ -o

S<

(jL 0* , (



(2) ind-aitcarfocal (3) ivid ,, varc (11) aro slioin in the 'Gp of -c

figue bi~ ottoxa of). each Ci-ure 2h3vasoaulogr:m3 for th 3,se 4~ cochl' :ai.

See table ts dc-lfinitions~ eU' i vlicular parametari.

5.The vx'Lsof Lh .at.jolwi! that were evaluated for vasolIlat'

changes. -Si scala vaih iVM' = vestlbutar me-.70rane-, SMA scal-A media,

BN=b35.Liir m-abrne S-.cala tymnpani. The vesL-el of th,; typipanic lip

in the spirai Iamnina w.:.tz z.J-3r) cvalu. Ated but i3 not shnin.

6. Percen'-a,, of cuchle -a3 £vv'n the uontrol group and the two noLso-exposeli

groups placed in eaoh catae-!ry according to hair cell loss.

7. Scanning. eLectroa ;,icrog raph3 of thie baoai turn of Lhe: cochle-i froau aa

amilaal exneDs;e to V> ?Ln~enoise and carcrifieed inm:adiat( ly aftor tli7!

exposure. (A) sliows a 3 iflO. section of third row outer hair- cells and

supporting calls that havr,- been rippel off of tIVhe basilar mi-enrane by the

force of the impulse, (B) shads4 the fracture line at the basal end of tile

iesion, and (C) slio~s th , r---gln of separation of the sen3sory epitholium

from the basilar miaei.,rane- at the basl end o f the leion,
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SUMMARY

The vascular anatomy of the chinchilla cochlea was quantitatively

andlyzed and compared in animals exposed to 155 or 160 dB impulse noise at

normal (37'C) or elevated (400C) body temperature. Vascular changes were

found to persist 45 days after exposure in all experimental animals. Six

- parameters were shown to be most susceptible to change in one or more of the

vessels studied. These were irregularities in vessel lumen, plasma spaces

between red blood cells (RBCs) and vessel wall, columns of RBCs, variability

in density of RBCs, pigment clumps in stria vascularis and perivascular

cells compressing vessel lumen. These vascular changes, which are

indicative of a permanent reduction in blood flow, were present throughout

the length of the cochlea with a tendency toward maximum change in areas of

maximum hair cell loss. There was no evidence to support the idea of an

interaction between noise and increased body temperature in the vascular

results. However, the cochleograms from these animals indicate that at the

160 dB exposure level the noise and high temperature did interact to

increase hair cell loss.

key words: impulse noise, temperature elevation, cochlear vasculature,

inner and outer hair cells
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Introduction

One hypothesized mechanism for damage to the organ of Corti is that in

the presence of high level noise the metabolic demands made by the sensory

cells in the cochlea -are so great that they are eventually depleted of their

energy reserves and cease to function. If the noise exposure persists,

rupture of the cell membrane and degeneration of the sensory cell may follow

(2). In studies of the effects of noise exposure on the cochlear vascular

system, several authors (6-8,11) have noted constriction of the cochlear

vessels and other changes consistent with a reduced blood flow following the

exposure. When exposure to noise is coupled with high body temperature

which also increases metabolic rate, a situation exists in which blood flow

to the cochlea may be diminished while metabolic demands on the cochlea are

increased due to the concomitant presence of noise and high temperature. We

might expect such an exposure to produce considerably more vascular changes

and to be potentially more damaging to the sensory cells of the cochlea than

exposure to noise at normal body temperature.

Physiological indication that an interaction effect between noise and

high temperature might exist is available. Drescher (5) studied the effect

of body temperature on the cochlear microphonic response (CM) in the

chinchilla. His results showed that the time required to reach asymptotic

threshold shift (ATS) due to a continuous noise was dramatically reduced

when body temperature was elevated to 390C. In a study examining the effect

of ambient room temperature on the degree of temporary threshold shift (TTS)

in human subjects, Dengerink et al (4) found a significant (5 dB) increase

in TTS measured at 4 kHz among non-smoking subjects who were exposed to 110

UZ



dB white noise at 380C as compared to non-smokers exposed to the same noise

at 4.50C.

The purpose of this study was to investigate the possibility that high

body temperature could increase the amount of damage to the sensory cell

population and the vascular system of the cochlea following exposure to high

intensity noise. The results of such a study may provide some insight into

the role of the vascular system in cochlear trauma and could affect the

development of damage risk criteria as well. In the work environment,

damaging levels of noise are often accompanied by heat and-other stressors

which may interact with noise and increase the worker's risk for hearing

loss; thus an interaction of noise and high temperature could make these

groups high risk populations for noise induced hearing loss.

Methods

A total of 45 adult binaural chinchillas were used in the study. Each

animal was assigned to one of six experimental conditions. Five animals

served as histological controls, 5 animals had their body temperature

elevated to 400C but were not exposed to noise, 13 animals were exposed to

155 dB peak SPL impulse noise, 5 animals were exposed to 155 dB peak SPL

impulse noise while their body temperature was elevated to 400C, 12 animals

were exposed to 160 dB peak SPL impulse noise, and 5 animals were exposed to

160 db peak SPL impulse noise while their body temperature was elevated to

400C.

Temperature elevation: The chinchillas were awake and restrained during

the temperature elevation procedure. A thermostatically-controlled heating

pad was used to raise body temperature. Two thermistor probes were inserted

into the animal rectally; one was used to regulate the heating pad and the

other measured core temperature. At the beginning of each exposure, the
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animal's normal temperature was recorded. All animals had normal

temperatures between 36.5 and 37.50C. To elevate temperature, the

thermostat setting was gradually increased in one degree steps until 400C

was reached; a process which took from 15 to 30 minutes. Then body

temperature was maintained at 400C for one hour. At the end of the hour,

the heating pad was turned off and the animal's temperature was monitored

until it returned to normal, which generally took about 45 minutes.

Noise exposure: The impulses were presented at a rate of 1 impulse per

minute at either 155 or 160 dB peak SPL (re 20 x 10- 6 Pa). The impulses

were generated by a modified shock tube coupled to an exponential horn and

were discharged into a semi-anechoic chamber. Each animal was restrained

in a yoke-type apparatus that prevented movement of the head and was

positioned at grazing incidence to the advancing wavefront approximately 45

cm. from the exit of the acoustic horn.

Histology: Post-exposure survival time for the experiment was 45 days.

All of the chinchillas were decapitated without anesthetic using a

guillotine. The cochleas were divided into two groups for histological

processing. Immediately after decapitation, the temporal bones from the

chinchillas in the first group (n = 25) were removed and the cochleas were

fixed via perilymphatic perfusion with 2.5% buffered glutaraldehyde (7.3

pH). The cochleas were stored overnight in glutaraldehyde, then post-fixed

with 1% OsO4 in the same buffer (Piperazine N, N'-bisC2 ethane Sulfonic

Acid]) and dehydrated through a series of graded alcohols. The cochleas

were stored in 70% alcohol until microdissected.

The remaining 65 cochleas were processed according to the "soft surface

technique" of Vertes and Axelsson (10). Decapitation was followed by

immediate removal of the temporal bones and perilymphatic perfusion of the

-7 .... . . . .
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cochleas with 2.0% glutaraldehyde in sodium cacodylate buffer (pH 7.4).

After 24 hours in the fixative, the cochleas were decalcified in 8% EDTA for

7 days. A mid-modiolar section was made through each decalcified cochlea,

then both halves were stained with 0.5% OsO4 in Millonig buffer and

dehydrated to 70% alcohol. The same microdissection technique was used for

both groups. In each cochlea, half turns of organ of Corti and spiral

ligament were removed and mounted in glycerol on glass slides for light

microscopic evaluation.

Analysis: Cochleograms were generated for each cochlea. Cochleograms
r:

were classified into 1 of 4 categories based on type and extent of hair cell

lesion. Cochleas exhibiting no more than 2% outer hair cell (OHC) loss

" scattered throughout the cochlea and less than 1% inner hair cell (IHC) loss

were placed in the normal category. Cochleas with between 3% and 17% OHC

loss and less than 8% IHC loss that was diffusely spread throughout the

cochlea or cochleas with narrow focal lesions were placed in the low-level

scattered category. Cochleas which had up to 100% loss of OHC in the 1 - 5

kHz region of the cochlea and up to 10% loss of IHC in the same region were

classified mid-cochlear focal lesion, and those cochleas that showed 100%

loss of OHC throughout the lower half of the cochlea and up to 20% loss of

IHC were placed in the severe category. Examples of cochleograms from each

category are presented in figures 1-4.

The method and parameters described by Axelsson and Vertes (1) were used

to evaluate the vascular anatomy of the 64 cochleas in group 2 (one cochlea

was lost in processing). Vascular data were not collected on the 25

cochleas in group 1. The vessels that were examined for vascular changes are

illustrated schematically in figure 5. They are radiating arterioles (RAL)

and the vessel at the vestibular membrane (VSVM) in scala vestibuli, the

'-.



strial vessels (SVS) and the vessel of the spiral prominence (VSSP) in scala

media, and collecting venules (CVL) in scala tympani. The vessel of the

tympanic lip (VSTL) in the spiral lamina was also evaluated for vascular

change. Each of these vessels was evaluated in each half turn of each

cochlea. A subjective rating was assigned for each of the 20 parameters

which are listed in table 1, and stepwise discriminant analysis (SDA) was

performed on the data (3). This multivariate technique is used to identify

those variables that are good predictors of group membership. The results

consist of a hierarchical listing of the significant variables. The SDA

procedure was performed three times. The first SDA compared the control

group to the temperature-elevation-only group to see which of the 20

parameters were changed as a result of temperature elevation. The second

SDA compared the control group with the two groups involving only noise

exposure to identify parameters changed after noise exposure. The third SDA

compared the control group with all five experimental groups, in order to

detect those variables that showed a temperature/noise interaction.

Vascular changes in individual cochleas were quantified by generating

vasculograms. For each half turn, values for the parameters identified by

the stepwise discriminant analysis procedure were compared to the median

value from the control group for that parameter. The absolute value of the

difference in rating between the experimental ears and the median value for

the parameter from the control group was computed and a histogram was drawn

which reflected the parameters changed, location of the change and magnitude

of the change.

Results

Cochleograms: The results of the cochleogram classification for all 90I cochleas are summarized in figure 6. Eighty percent of the cochleas from

". 1.-
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the control group and 90% of the cochleas from the

tempera tu re-el1eva ti on-only group were classified normal. The other 20% of

the control group cochleas and 10% of the tempera tu re-el eva tion -only group

cochleas fell into the low-level scattered loss category.

There were more cochleas classified normal in the 155 dB impulse noise

+ heat group (50%) than in the 155 dB impulse noise group (15%), while more

* cochleas were classified into the mid-cochlear category (46%) and the severe

category (4%) in the 155 dB group than in the 155 dB + heat group (30% and

0% respectively). Therefore, for the 155 dB noise exposure a greater

* percentage of badly damaged cochleas were seen in the group exposed at

normal body temperature than in the group exposed at elevated body

temperature.

Twenty-six percent of the cochleas in the 160 dB impulse noise group

were classified normal and 48% were classified low-level scattered loss,

while none of the 160 dB impulse noise + heat group were classified normal

and only 10% fell into the low-level scattered loss category. Sixty percent

of the 160 dB + heat group showed severe damage and 30% had mid-cochlear

lesions as compared to 9% severe and 17% mid-cochlear lesions in the 160 dB

impulse noise group. Therefore at 160 dB the group exposed at elevated body

temperature contained a much greater proportion of badly damaged cochleas

than the group exposed at normal body temperature.

Table 2 shows the mean and standard error of the mean (SEM) for each

group for both inner hair cell loss and outer hair cell loss. A one-way

analysis of variance test was performed to compare the amount of hair cell

loss across the six groups. A significant difference was found between

group means for both inner hair cell loss (F(5,82)=3.78,p < 0.005) and outer

hair cell loss (F(5,82)-8.59, p <0.001). Dunnett's test of multiple
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comparisons (12) was used to determine which group means differed from the

control group mean. This test revealed that group 3, the 155 dB impulse

noise group, and group 6, the 160 dB impulse noise + heat group had

significantly more outer hair cell loss than the control group and that only

in group 6 was there a significant increase in inner hair cell loss over the

* control group.

Vasculograms: Vasculograms were drawn for cochleas from the control

group and from each of the five experimental groups (see figures 1-4). All

* cochleas in the five experimental groups showed vascular changes which were

* present from the apex t~o the base with a slight tendency towards increased

vascular changes in the middle and lower turns. In the 4 groups that were

exposed to noise, there was a tendency for the degree of vascular change to

be proportional to the amount of hair cell loss. In other words, cochleas

classified into the normal and low-level scattered loss categories for hair

cell loss showed fewer vascular changes than cochleas classified into the

mid-cochlear and severe categories.

Vascular analysis: Table 3 summarizes the results from the three

*stepwise discriminant analysis procedures. All parameters that were found

* to be significant by the SDA procedures are listed along the left hand

margin of the table. The arrows indicate direction of change (i.e. increase

* or decrease) in the parameter in the experimental groups relative to the

control group. Of the 20 parameters entered into the analysis, 13 were

significant in at least one case. These 13 variables are listed in

descending order according to the number of times that they were significant

predictors.

An examination of all the parameters that were significant in the SDA

including all six groups revealed no effects attributable to an interaction

. f



between elevated body temperature and impulse noise. In each case the

pattern of change was such that there was an effect of heat and an even

greater effect of noise; however, there was no increase in vascular change

in the impulse noise groups exposed at elevated body temperature as compared

to the impulse noise groups exposed at normal body temperature which we

would have expected if an interaction of noise and heat were present.

There were 7 instances in which we found an effect of temperature and an

effect of noise, indicated by 'BOTH' in table 3. Since these parameters

were significant in all three SDA procedures, they represent those

vessel/parameter combinations that are most vulnerable to cochlear insult

from our experimental manipulations. This pattern was found for: the

parameter plasma spaces between RBCs and vessel wall in radiating

arterioles, the vessel of the spiral prominence and collecting venules; the

parameter lumen irregularities in the vessel at the vestibular membrane and

collecting venules; the parameter columns of RBCs in the strial vessels; and

the parameter describing variability in density of RBCs in the vessel of the

spiral prominence.

We considered an effect to be 'robust' if a parameter was significant in

the SDA including all six groups and In the control vs. heat SDA or the

control vs. noise SDA but not both. There was only one instance of a robust

effect of temperature elevation, indicated by 'HEAT' in the table. This was

for the parameter pigment clumps in the spiral prominence. There were seven

instances of robust effects of noise, indicated by 'NOISE' in the table: for

the parameter plasma spaces in the vessel at the vestibular membrane and the

vessel of the tympanic lip; for the variable lumen irregularities in the

vessel of the tympanic lip; for the parameter columns of RBCs in radiating

arterioles and collecting venules; for the parameter pigment clumps in the

2121
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strial vessels and for the parameter perivascular cell compressing lumen in

the vessel at the vestibular membrane.

There were five instances of temperature effects, indicated by 'heat' in

the table: for the vessel at the vestibular membrane the parameters

describing avascular channels and density of RBCs; for the strial vessels

the parameter lumen irregularities; for collecting venules perivascular

spaces surrounding the vessel lumen; and for the vessel of the tympanic lip

the parameter perivascular cell compressing lumen.

In five instances there were noise effects, indicated by 'noise' in the

table: in the strial vessels, granules in the cytoplasm of the strial

marginal cells, gaps between strial marginal cells and occurrence of white

blood cells; around the vessel of the spiral prominence the parameter

melanocytes; and perivascular cells compressing vessel lumen in the

collecting venules.

One issue concerning the cochlear vascular system has been the

*; relationship between the location of vascular damage and damage to the organ

* of Corti. Axelsson and Vertes (1) cited a number of studies in which no

regular correlation was found between site of vascular change and site of

hair cell loss, as well as other studies in which a predictable relationship

between the two idctors was found. A stepwise discriminant analysis was

performed for each half turn of each cochlea to see if the vascular changes

found in this study were located in the same cochlear region where hair cell

loss occurred. The results showed no difference between groups in the

apical turn. Lumen irregularities was identified as a significant variable

in the middle and basal turns. Plasma spaces between RBCs and vessel wall

was also a significant variable in the lower middle and upper basal turns.

Figure 7 displays these results, and indicates that the location of maximum

a.
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vascular change does seem to correspond to the area where greatest hair cell

loss was seen in the mid-cochlear and severe lesion cochleograms. However,

some vasculograms from the temperature-elevation-only group showed the same

tendency toward increased vascular changes in the lower middle and upper

basal turn. This may indicate that the configuration is related to some

* factor other than the noise exposure, perhaps a greater susceptibility to

vascular change in general in the lower half of the cochlea.

-. Discussion

Our decision to use impulse noise was dictated by a desire to maximize

trauma to the organ of Corti. We hoped to enhance the chances of seeing

interaction effects of noise and temperature and to produce vascular changes

as a result of this insult. The significant increase in outer and inner

hair cell loss in the 160 dB impulse noise + heat group may be attributable

to a syn1ergistic interaction of impulse noise and elevated body temperature.

However, no such interaction was seen in the 155 dB impulse noise + heat

group. In fact, this group showed the highest percentage of "normal"

*cochleas of any of the 4 groups involving noise exposure. The only other

- group which differed statistically from the control group was the group

*exposed to 155 dB impulse noise at normal temperature, which showed an

*increase in outer hair cell loss. These results are not what we would

predict if a synergistic effect existed between elevated temperature and

noise. Any clear effect was certainly obscured by the extreme variability

encountered in all four of the groups involving noise exposure. This

variability is common for impulse noise exposures, and may be attributable

either to small sample size, individual susceptibility or possible tympanic

membrane rupture in some animals due to the impulse. Our results indicate

that temperature elevation alone does not cause hair cell damage. Nine of

S l



the 10 cochleas taken from the animals which only had their body temperature

elevated had normal sensory cell populations and showed only occasional

missing hair cells, and the tenth cochlea showed low-level scattered hair

cell loss which may be attributable to pre-existing conditions.

The results of the vascular analysis are less variable than the hair

cell data. All cochleas that were analyzed for vascular changes in the five

experimental groups showed vascular changes throughout their length. Since

the evaluation of the vessels was performed without knowledge of group

membership of the cochlea being evaluated, the fact that the data collected

on the control cochleas clearly separated out from the experimental groups

j provides verification that the vascular changes seen in the experimentally

manipulated cochleas are the result of that manipulation.

The results of the statistical analysis of the vasculature identified 25

vessel/parameter combinations that showed significant change after

temperature elevation, noise exposure or both. In general, all vessels

seemed more susceptible to change due to noise exposure than temperature.

Of the 25 entries in table 3, 19 included an effect of noise while only 13

included an effect of temperature. In those cases where both an effect of

noise and an effect of temperature was seen, the vascular change was always

greater in the group where noise was a factor. There was no indication that

either noise or temperature elevation was more important in any particular

vessel; temperature effects and noise effects were seen in all six vessels

studied. Likewise, all parameters that appear in more than one vessel were

significant sometimes in the temperature analysis and sometimes in the noise

analysis.

Both a decrease in plasma space and an increase in lumen irregularities

imply a reduced blood flow. Such a reduction is further indicated by the

,~~~~~~~~~~~~~~~~~~~~~~........-......-.,....... ... .- ,-. , ,,.-,-......- -....... .. .. .....
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decrease in columns of RBCs found in the strial vessels as well as the

radiating arterioles supplying them and the collecting venules draining

them. An impairment of blood flow may also account for the increased

variability in density of RBCs and the decreased density of RBCs in the

vessel at the spiral prominence. All these vascular changes considered

together indicate a decreased blood supply to the cochlea. This decrease in

cochlear blood supply may be due to different mechanisms in the heat and

noise conditions. The decrease in columns of RBCs seen in radiating

arterioles and collecting venules after noise may reflect a vasoconstrictive

effect. Since decreased columns of RBCs were not found after heat, perhaps

another explanation, such as a slowing of cochlear blood flow, may be more

defensible in explaining the results of the heat condition.

Another prominent feature in the results of the vascular analysis was

the increased occurrence of pigment in the form of clusters of pigment

granules and pigment clumps free in the cytoplasm of the strial cells, and

melanocytes surrounding the vessel of the spiral prominence. These findings

may suggest an inflammatory reaction in the stria vascularis. A description

of pigment granules in the marginal and transitional cells of the stria and

the cells of the spiral ligament can be found in Spoendlin (9), who raised

the possibility that these structures may be related to thermoregulation in

the cochlea. In our study, increases in pigment were not always related to

temperature effects, but were seen in some vessels where their increase was

attributed to an effect of noise. Ward and Duvall (11) reported dark

inclusion bodies in the stria vascularis after noise exposure. Whatever the

cause, our results do provide evidence for an increase in pigment in the

stria vascularis following cochlear insult.

In this study, substantial changes in the cochlear vasculature were seen
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in all experimental animals, including those which had their body

temperature elevated but were not exposed to noise. The same vascular

parameters were affected in the temperature-elevation-only group as in the

other experimental groups. This suggests that the inner ear is susceptible

to long term changes in vascular morphology as a result of limited exposure

to elevated body temperature. The addition of other stressors, in this case

impulse noise, did not substantially increase the amount of vascular change.

This argues against any sort of synergistic interaction of noise and

elevated body temperature on the vasculature, and may indeed be indicative

of a generalized reaction to stress regardless of the source. The fact that

changes in vasculature morphology were seen in noise-exposed cochleas that

showed no sensory cell damage may indicate that the vascular system of the

cochlea is initially more susceptible to cochlear trauma than the sensory

elements. Permanent changes in the cochlear vasculature may have an impact

on the cochlea, especially in situations that are metabolically demanding.

"Z
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FIGURES

1. Cochleogram (top) and vasculogram (bottom) from the left cochlea of

a chinchilla which had it's body temperature elevated but was not exposed to

noise. Even though this cochlea was classified normal in terms of hair cell

loss (see text), substantial vascular changes were found throughout the

length of the cochlea.

2. Cochleogram (top) and vasculogram (bottom) from the left cochlea of

a chinchilla exposed to 160 dB impulse noise at elevated body temperature.

The cochlea was classified in the low-level scattered loss category in terms

of hair cell loss (see text) and the vascular changes are greatest in the

area of the external wall corresponding to the region of the organ of Corti

containing the narrow focal lesion.

3. Cochleogram (top) and vasculogram (bottom) from the left cochlea of

a chinchilla exposed to 155 dB impulse noise at normal body temperature.

This cochlea shows a mid-cochlear focal lesion (see text) and vascular

changes which are evenly distributed throughout the length of the cochlea.

4. Cochleogram (top) and vasculogram (bottom) from the left cochlea of

a chinchilla exposed to 155 dB impulse noise at normal body temperature.

This cochlea showed severe hair cell loss (see text) and substantial

vascular changes which are greatest in the area of the external wall

corresponding to the maximal hair cell loss.

5. Schematic illustration of the vessels evaluated for vascular

changes. The vessel of the tympanic lip in the osseous spiral lamina was

also evaluated. SV = scala vestibuli, VM = vestibular membrane, SM = scala

media, BM = basilar membrane, and ST = scala tympani.

9
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6. Percentage of cochleas classified into each of the four categories

in terms of hair cell loss. Group 1 = control, group 2 -

temperature-elevation-only, group 3 = 155 dB impulse noise, group 4 = 155 dB

impulse noise at elevated body temperature, group 5 = 160 dB impulse noise

and group 6 = 160 dB impulse noise at elevated body temperature.

7. Composite vasculogram showing results of stepwise discriminant

analysis by half cochlear turn including all six vessels. No difference was

found between groups in the apical turn (3.0 and 2.5) but significant

changes were found in the lower middle (1.5) and upper basal (1.0) turns.

J
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TABLE I. VASCULAR PARAMETERS

RED BLOOD CORPUSCLES (RBCS)

DENS: density; frequency and spacing of RBCs in vessel lumen

COL: columns; number of rows of RBCs in vessel lumen

AGGREG: aggregations and plasma gaps; collections of RBCs and interspaced

sections with plasma but without RBCs

ORIENT: orientation; manner and plane of RBCs in vessel lumen

VAR: variability; in density of RBCs

PLAS: plasma space; between RBC and vessel wall

VESSEL LUMEN

LM IRRG: lumen irregularity; local narrowing and widening of vessel lumen

PV LUM: perivascular cell compressing lumen; occurrence of narrow vessel

lumen caused by endothelial cell nuclei and/or pericytes

DIAM: lumen diameter; width of vessel lumen

PVS: perivascular spaces; spaces surrounding vessel lumen

STRIA VASCULARIS

GRAN: granules; pigment formed of fine granulations

PIGM: pigment clumps; clusters or collections of granules

VAC: vacuoles in strial surface structure

GAPS: gaps between cells; spaces occurring between strial surface cells

ADDITIONAL VASCULAR PARAMETERS

AVC: avascular channels

WBC: white blood cells

EMB: emboli in vessel; bound, clear spaces within vessel lumen

DEP: deposits; osmiophilic materials surrounding vessels

MEL: melanocytes

SPH: precapillary sphincter; narrowing of vessel by perivascular elements

I1
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TABLE II. RESULTS OF HAIR CELL ANALYSIS

INNER HAIR CELL LOSS

GROUP # 1 2 3 4 5 6

MEAN 6 10 42 27 41 102*

SEM 2 6 10 11 12 34

OUTER HAIR CELL LOSS

GROUP# 1 2 3 4 5 6

MEAN 205 110 932* 416 546 2120*

SEM 65 47 138 127 136 595

Results of one-way analysis of variance for inner and outer hair cell

loss. Group 1 control, group 2 : temperature-elevation-only, group

3 = 155 dB impulse noise, group 4 = 155 dB impulse noise + temperature

elevation, group 5 = 160 dB impulse noise and group 6 = 160 dB impulse

noise and temperature elevation. *denotes significant difference from

control group.
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TABLE III. RESULTS OF VASCULAR ANALYSIS

VESSELS

RAL VSVM SVS VSSP CVL VSTL

PARAMETERS

PLAS BOTH NOISE BOTH BOTH NOISE

LM IRRG 4 BOTH heat BOTH NOISE

COL NOISE BOTH NOISE

VAR 4 BOTH

PV LUM NOISE noise heat

PIGM 4 NOISE HEAT

AVC heat

DENS + heat

PVS heat

GRAN 4 noise

GAPS noise

WBC 4 noise

MEL noise

BOTH = statistically significant in all three stepwise discriminant analysis

(SDA) procedures.

HEAT = significant in control vs. heat SDA and SDA including all six groups.

NOISE significant in control vs. noise SDA and SDA including all six groups.

heat = significant in rontrol vs. heat SDA.
_c

. ,noise =significant in control vs. noise SDA.
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